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The population structure of rodent malaria parasites 
was investigated by examining the relationship between 
subspecies of these parasites. Two approaches were taken, 
firstly, examination, of phenotypic characters, i.e. 
morphology and isoenzymes and secondly, by conducting 
genetic crosses between subspecies. 
A. Characterization 
In a preliminary investigation of new pheno-
typic characters three enzymes were examined 
for activity in the blood forms of rodent 
malaria parasites. One enzyme, ADA, was 
suitable for use in a routine survey of para-
sites. Examination of a large number of iso-
lates representing the four species. demonstrated 
variation in this enzyme corresponding to each 
species and in some instances to geographical 
distribution of the species. 
Six isolates obtained from rodents in Cameroun 
were examined, these contained either a single 
parasite species or a mixed infection of two 
species. Cloning these infections produced 
two examples of P. yoelii, one of P. chabaudi 
and five of P. vinckei. 
Morphological examination of examples of each 
species of Cameroun parasite showed a similarity 
of the sporogonic and erythrocytic stages 
to those of other regions. 
Examination of electrophoretic forms of GPI, 
PGD, GDH, LDH and ADA demonstrated that the 
Cameroun parasites were similar to parasites 
of other regions. . P. yoelii and P. chabaudi 
were indistinguishable from parasites of Central 
African Republic, P. vinckei (Cameroun) showed 
considerable variation and individual lines 
resembled parasites of C.A.R., Nigeria and 
Congo. 
B. Hybridization studies 
Hybridization studies between subspecies were 
attempted in P. yoelii, P.. chabaudi and P. 
vinckei. 	Failure to obtain regular mosquito 
transmission ofP. vinckei limited this study 
to P. yoelii and P. chabaudi. In both species 
the parasites of Cameroun could interbreed with 
those of surrounding regions; P. yoelii 
(Cameroun) with those of C.A.R., Nigeria and 
Congo, and P. chabaudi (Cameroun) with those of 
C.A.R. and Congo. This indicates that both of 
these species comprise populations of potentially 
interbreeding individuals. 
Crosses between C.A.R. and Congo failed to 
produce hybrid progeny in both species. 
(iii) 
6. Two crosses were examined in detail by cloning. 
Comparison of the proportions of recombinant 
and parental progeny in crosses between sympatric 
and allopatric parasites provided evidence that 
the parasites were capable of freely inter-
breeding. 
The significance of these phenotypic and hybridization 
studies are considered in the light of studies in other 
organisms and theoretical considerations. 
(iv) 
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1 . 
I. INTRODUCTION 
Thirty years ago, it was anticipated that malaria 
eradication could be achieved by mass chemotherapy and 
vector control. Today, eradication has been possible only 
in a few countries. One third of the worldts population 
remain at risk from the disease. One of the most 
serious biological barriers to eradication has been the 
emergence of forms of malaria parasite resistant to the 
limited number of antimalarial drugs available. 
Development of an antimalarial vaccine currently 
receives a great deal of attention and may prove to be 
the next significant step towards eradicating the disease. 
However, many theoretical and practical problems remain 
and a protracted period of development and evaluation can 
be anticipated before an effective alternative to chemo-
therapy is available. At present control seems a more 
realistic goal than eradication, which involvesdeterinining 
health targets among the exposed semi-immune populations 
and devising a strategy to attain and maintain this state 
(Kouznetsov, 1979; Lepes, 1981). 
Forms of Plasmodium falciparum resistant to anti-
malarial drugs have arisen wherever these drugs have 
been widely used. Resistance topyrimethamine was first 
reported by McGregor and Smith (1952) in the Gambia and 
to chioroquine by Moore and Lanier (1961) in Colombia. 
The prevalence and degree of resistance are reported to 
be increasing in all affected areas (Peters, 1970; 
2 . 
Wernsdorfer and Kouznetsov, 1980). Laboratory studies with 
rodent malaria species have demonstrated that parasites 
resistant to each of the commonly used antimalarial drugs 
can be obtained by drug treatment of sensitive forms 
(Peters and Howells, 1978) and furthermore that genetic 
mechanisms exist for the spread of resistance within a 
	
I 	parasite population. Beale (1980) reviewed the genetics 
of drug resistance with reference to two of the most 
commonly used antimalarial drugs, pyrimethamine and chioro- 
quine; resistance to both of these drugs has been shown to 
the 
be due to stable genetic changes in/parasite, most probably 
mutation events. Once acquired, genes conferring resistance 
may spread within an interbreeding parasite population. 
Rosario e -t al. (1978) demonstrated that a chioroquine 
resistant line of P.chabaudi was at a selective advantage 
over its sensitive parent line even in the absence of 
drug pressure. 
In order to predict how characters such as drug 
resistance can spread it is important to determine whether 
the parasites comprise a single large interbreeding 
pe 	popu]tion in which genetic_factors can move around freely, 
or are a collection of genetically isolated groups. The 
purpose of the present work was to investigate this 
subject by determining whether parasites from geographically 
separate regions could interbreed. 
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The parasites studied here have been the species 
infecting rodents; Plasmodium berghei, P.yoelii, 
P.chabaudi and P.vinckei. These have been used in pre-
ference to other malaria species for several reasons. A 
large number of isolates from different regions of 
Africa were available for study, and the techniques for 
making genetic crosses are well established. In addition, 
the availability of easily maintained rodent hosts makes 
these parasites well suited for laboratory studies. The 
following paragraphs contain a brief account of the 
principal features of these organisms. 
1.1 Life cycle 
The life cycle of the rodent malaria parasite 
P.chabaudi is illustrated in Figure 1. The cycle can 
be considered to start with the infective forms found 
in mosquitoes, the sporozoites. Sporozoites are 
transferred from the salivary glands of the infected 
female Anopheles mosquito to the blood stream of the 
vertebrate host when the mosquito takes a blood meal. 
The sporozoites are carried to the liver where they 
invade parenchyma cells and undergo a period of cyclical 
asexual development. Exoerythrocytic schizonts are 
formed, each containing several thousand merozoites. 
Approximately 50 to 53 hours after infectionschizonts 
rupture and release the merozoites into the blood stream 
where they begin further cycles of asexual development. 
FIGURE I 	The life cycle of malaria parasites (reproduced 
from Vickerman and Cox, 1967). 
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The merozoites invade erythrocytes, develop first into 
ring forms, then trophozoites which undergo nuclear 
division to produce multi-nucleate schizonts. The mature 
schizont ruptures releasing 4-10 merozoites into the 
circulation. These re-invade erythrocytes and continue 
the cycle of asexual development in the blood. Each 
asexual cycle takes 24 hours. Alternatively, each 
merozoite may develop into a gametocyte, either a micro-
gametocyte or a macrogametocyte. These do not undergo 
further development unless ingested by a female mosquito 
during a blood meal. In the mosquito midgut, gametocytes 
develop into micro and macrogametes. A single macro-
gamete develops from each macrogametocyte, while micro-
gametocytes undergo nuclear division and exflagellation 
to produce eight threadlike microgarnetes. Fertilization 
gives rise to a zygote which develops into a motile 
ookinete. This penetrates the midgut wall where it 
forms an oocyst. Over the following 10 days the oocyst 
matures and eventually ruptures, liberating thousands 
of sporozoites into the haemocoele. After a short time 
sporozoites concentrate in the salivary glands reaching 
a peak of infectivity about two weeks after the original 
blood meal. If the mosquito takes a blood meal from a 
suitable host, mature sporozoites may be transferred, 
thus completing the life cycle. 
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The example of P.chabaudi demonstrates the 
important features of the life cycle of rodent malaria 
parasites. However, variation does occur between 
species, for example, the number of merozoites produced 
by exoerythrocytic and erythrocytic schizonts or in 
the duration of the sporogonic stages (reviewed by 
Landau and Boulard, 1978). This variationProvidey' 
the basis for differentiation of rodent malaria parasites 
CLuE- 
into four species and is examined in the next section. 
Many details of the life cycle remain unclear; 
of particular relevance here is the genetic organisation 
of malaria parasites. Electrophoretic techniques have 
demonstrated that the blood forms are haploid (Walliker 
et al., 1973 and 1975). However, it has proved to be 
impracticable to investigate other stages in this 
manner. In related organismsirfler't.a and Toxoplasma 
the sporozoites have been shown to be haploid (Cornelissen, 
1982). Much of the information about the organization of 
the genome is cytological. The apparent absence of 
condensed chromatin throughout the life cycle of Plasmodium 
makes direct estimation of chromosome number impossible. 
However, estimates of the number of chromosomes have been 
obtained by counting the organelles associated with the 
diffuse chromosomes, the kinetochores or the kinetochore 
microtubules in the various stages. By this means the 
6 . 
haploid genome of P.berghei has been estimated as 8 or 10 
chromosomes (Schrevel et'al., 1977; Sinden, 1978). Although 
fertilization of gametes can be observed in a mosquito blood 
meal the precise timing of subsequent events, nuclear 
fusion and meiosis followed by nuclear division remain 
unclear. 
1.2 Species and subspecies of rodent malaria parasites 
Rodent malaria parasites have been isolated from 
thicket rats or from mosquitoes in four African countries, 
the Central African Republic near Bangui, Western Nigeria, 
Brazzaville in the Republic of Congo and the Katanga 
Province of Zaire. Variation in the morphological 
features of the parasite and isoenzymes of the blood 
forms have demonstrated that four species exist, 
P.berghei, P.yoelii, P.chabaudi and P.vinckei. In 
addition, regional variation occurs among the parasites 
of each species; this has been considered sufficient to 
accord subspecific status to the parasites of each 
region (reviewed by Killick-Kendrick, 1978). Specific 
references of isolation of rodent malaria parasites are 
given in Table 1. The distribution of rodent malaria 
species and subspecies is shown in Figure 2. 
(I) Species. Rodent malaria parasites can be divided 
into two broad, groups depending on their host cell 
preference. P.bercihei and P.yoelii preferentially 
invade immature erythrocytes whereas P.chabaudi and 
TABLE 1. ISOLATION OF RODENT MALARIA PARASITES 
P. berghei P. yoelii P. vinckei P. chabaudi 
Zaire Vincke and Rodham 	(1952) 
Lips 	(1948) 
C.A.R. Landau and Carter and Landau 	(1965) 




Brazzaville Landau, Michel Landau et al. Carter and Walliker 
and Adam (1968) (1970) (1977) 
Adam et al. (1966) 
Nigeria Killick-Kendrick Killick-Kendrick 
(1973) (1975) 
Killick-Kendrick 
et al. 	(1968) 
Cameroun Bafort 	(1977) 
Lainson 	(1983) 	To be discussed here 
C.A.R. - Central African R7lic 
FIGURE 2 
Map showing the known distribution of rodent malaria 
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P.vinckei invade mainly mature erythrocytes. Differen-
tiation into species depends on a more detailed examina-
tion of morphological and growth characteristics throughout 
the life cycle. 
Although the blood forms of P.berghei and P.yoelii are 
morphologically indistinguishable they have been recognized as 
distinct species on the basis of variation in the sporogonic 
stages, in primary exoerythrocytic schizogony and 
differences in the electrophoretic mobility of enzymes of 
the blood forms (Table 2). F.berghei has been isolated on 
numerous occasions in Zaire from a variety of rodent hosts; 
Grammomys surdaster, LeQciada bella and Praomys lacksoni 
(Killick-Kendrick, 1974). Isolation of this parasite 
from infected mosquitoes has demonstrated that Anopheles 
durenirnillecampsi is a natural vector of P.berghei, 
(Vincke et al.,1953; Vincke, 1954). P.yoelii has been 
isolated from only a single rodent species Thamnomys 
rutilans in C.A.R. Nigeria and Congo; the natural vector 
of this parasite is not known. 
The relationship between P.berghei and P.yoelii 
is unclear. It is not known if the observed differences 
in these parasites represents reproductive isolation. 
The ability of these parasites to interbreed has not 
been tested in the laboratory. No evidence of interbreeding 
between these allopatric populations has been obtained by 
examination of isolates of these species, no examples of 
TABLE 2. ISOENZYMES OF RODENT PLASMODIUM SPECIES AND SUBSPECIES 
Species Subspecies Origin No. 	of 
isolates 
examined 
GPI PGD LDH GDH 
P. berghei Katanga 5 3 1 1 3 
P. yoelii 1P.y. 	yoelii C.A.R. 22 1,2,10 4 1 4 
tP.y. 	killicki Congo 2 1 4 1 1 
1P.y.nigeriensis Nigeria 1 2 4 1 2 
*P•_yoe1iisp. Cameroun 2 1 4 1 4 
P. chabaudi tP.c. chabaudi C.A.R. 22 4 2,3,7 2,3,4,5 5 
tP.c. 	adami Congo 2 8 2 8,10 5 
*P.chabaudi'sp. Cameroun 1 4 2 5 5 
P. vinckei 1P.V. 	vinckei Katanga 2 7 6 6 6 
tP.v. petteri C.A. 4 5,9 5 7 6 
tP.v. 	lentum Congo 4 6,11 5 7 6 
tP.v. brucechwatti Nigeria 2 6 6 9 6 
*p•_vinckeisp. Cameroun 5 5,6,12, 5,6 7 1 9,11 6 
13 
The numbers represent electrophoretic variants of each 
enzyme 
t Carter (1978) 	* Lainson (1983) to be described in detail later. 
C.A.R. - Central African Republic 
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hybrid parasites have been observed. Although the 
existence of sympatric populations of P.bercjhei and 
P.yoelii has not yet been demonstrated, the existence 
of a zone of hybridization between these parasites cannot 
•be excluded. 
P..vinckei and P.chabaudi both inhabit mature mouse 
erythrocytes. P.vinckei has a wide distribution and has 
/ / 
been isolated from Thaiinoiiiys rutIns in C.A.R. Congo and 
Nigeria and from the mosquito A.dureni millecampsi in Zaire. 
P.chabaudi has been isolated in only two regions, C.A.R. 
and Congo on each occasion from the rodent T.rutilans. The 
apparent similarity of the blood and sporogonic stages of 
these species at first made their differentiation unclear. 
At various times P.chabaudi has been classified as a 
separate species (Landau, 1965) and as a subspecies of 
P.vinckei (Bafort, 1968). The distinct nature of the two 
species was recognized by Carter and Walliker (1975) prin-
cipally by examination of isoenzymes of the cloned blood 
forms of parasites isolated from rodents of the C.A.R. and 
the discovery of unique enzyme variants, in each species 
Subsequent detailed examination of cloned parasites also 
revealed differences in the morphology of the tropho-
zoites and schizonts. The existence of these sympatric 
populations of parasites which have retained their 
distinct characters provided further evidence that 
P.chabaudi and P.vinckei were reproductively isolated. 
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Thus, four species of rodent malaria parasite 
have been described. These groupings, which were at 
first based solely on morphology, were by .no means 
universally agreed. Bafort (1968) postulated that the 
observed variation in rodent malaria parasites represented 
continuous variation from P.bercjhei to P.vinckei. 
\4 Js 
 
However[enzme electrophoresis has confirmed the 
classification into four distinct species (Carter, 1978). 
(2) Subspecies 
Carter (1978) examined the blood forms of malaria 
parasites isolated from each region of Africa for 
variation in four enzymes, glucose phosphate isomerase 
(GPI), phosphogluconate dehydrogenase (PGD), lactate 
dehydrogenase (LDH) and NADP dependent gluconate 
dehydrogenase (GDH). Table 2 shows the enzyme forms 
found in each region. The four species can be distinguished 
by examination of enzymes alone. Within each species 
some enzymes are monomorphic, for example, PGD and LDH 
of P.yoelii and GDH of P.vinckei. Other enzymes show 
considerable polymorphism. In some instances this 
variation in enzymes corresponds to the geographical 
distribution of the parasites. Among the isolates of 
P.vinckei PGD 6 appears only in Nigeria and Zaire 
whereas PGD 5 is found only in Congo and C.A.R. 
Similarly, for GPI, GPI 7 is found only in Zaire, GPI 5 
10. 
and 9 only in C.A.R. and GPI 6 in Congo and Nigeria. A 
combination of variation in morphology, growth character-
istics and enzymes has been considered sufficient to 
recognize the isolates of each region as distinct sub-
species (Killick-Kendrick, 1978). Variation also occurs 
to a lesser extent among the enzymes of a single sub-
species (Table 2). 
1.3 Hybridization and genetic studies 
The first attempts to carry out genetic studies 
of Plasmodium were with the avian species P.gallinaceum 
by Greenberg and Trembley (1954a,b), Trembley and 
Greenberg (1954) and Greenberg (1956). Crosses were 
conducted between parasite lines differing in two 
characters, their response to pyrimethamine and their 
ability to produce exoerythrocytic forms. In one of 
these crosses Greenberg and Trembley (1954b) obtained 
evidence for cross fertilization of gametes and exchange 
of genetic material when parasites with a non parental 
combination of characters were detected among the mixed 
progeny of the cross. However, these early studies have 
been criticized (Morgan, 1974), firstly, because the parent 
lines were not cloned to ensure genetic uniformity, 
secondly, because the mixed blood forms went through two 
cyclical mosquito transmissions before analysis of the 
products of the cross and thirdly,because the growth 
11. 
marker was shown to be unstable (Trembley et al., 1951; 
Garnham, 1966). Subsequent genetic studies of Plasmodium 
have been confined to the rodent species. Using 
essentially the same procedures as Greenberg and Trembley, 
Walliker et al., (1971) adapted these genetic techniques to 
rodent malaria parasites. 
Ideally, a genetic cross should be performed between 
the microgametes of one parent line and the macrogametes 
of the other parent line, thereby ensuring that each 
zygote produced is the result of cross fertilization and 
not self fertilization of parent lines. It would also be 
desirable to examine the individual products of a single 
fertilization, the sporozoites derived from a single 
oocyst. However this has proved to be impracticable, 
because of the technical difficulties associated with 
manipulating gametocytes and sporogonic stages of 
Plasmodium. So far it has proved to be impossible to 
separate micro- and macro-gametes. Only limited success 
has been obtained in establishing infections from 
individual oocysts 	(Walliker, 1972; Knowles, personal 
communication) and the number of infections obtained by 
this means has been insufficient for a genetic analysis - 
of crosses. The crossing technique is at present limited 
to the simultaneous mosquito transmission of two parasite 
lines. The analysis of such a cross is confined to 
12. 
examination of the mixed products of meiosis among the 
blood stages or to individual progeny obtained from these 
mixed blood forms by cloning. This is complicated by 
the presence of the products of self fertilization of 
parent lines in addition to the products of cross 
fertilization. Despite these limitations genetic recom-
bination between parasite lines has been demonstrated in 
two species of rodent malaria parasites, P.yoelii 
(Walliker et al., 1971, 1973, 1976; Knowles and Walliker, 
1980) and P.chabaudi (Walliker et al., 1975; Rosario, 1976). 
Parasites of the Central African Republic, P.yoelii yoelii 
and ,P.chabaudi chabaudi have been most extensively used in 
these crossing experiments. 
In the present work, extensive use has been made of 
enzyme and drug resistance characters as genetic markers 
for detecting recombinant parasites in crosses. 
(a) Enzymes Studies of electrophoretic variation in 
enzymes in many organisms have shown that they are 
exceptionally useful as genetic markers. In Plasmodium 
such work has demonstrated the stability of isoenzynies 
as genetic markers and !Ve shown that they are inherited 
in a simple Mendelian fashion. 
Additionally, the absence of heterozygote progeny 
from crosses between parasites with distinct isoenzymes 
has confirmed that the blood forms of rodent malaria 
13. 
parasites are haploid (Walliker et al., 1975). The 
availability of these genetically stable enzyme markers 
has permitted a detailed analysis of the mode of inheri-
tance of other parasite characters, drug resistance, anti-
genic variation and virulence. Each of these characters 
has been shown to recombine with enzyme markers, (Beale, 
et al., 1978). 
(b) Drug resistance. Parasites resistant to pyrimethamine 
and chioroquine have been used in this work. A dêscrip-
tion of the methods used for selection of resistant forms, 
and their mode of inheritance follows: 
?yrimethamifle There have been numerous reports of a 
high level of pyrimethamine resistance produced in each 
species of rodent malaria parasite by a single step 
selection technique (reviewed by Peters, 1970). The 
stability of this charaôter was demonstrated by Morgan 
(1974); a pyrimethamine resistant line of P.yoelii was 
obtained by a single step selection from a sensitive 
clone. The level of resistance in this line was shown 
to be unaltered after 55 blood passages and 18 cyclical 
mosquito transmissions. 
Recombination between pyrimethamine resistance 
and enzyme markers has been demonstrated in P.yoelii 
(Walliker et al., 1973, 1975, 1976) and in P.chabaudi 
(Rosario, 1976). On each occasion the frequency of 
recombinatiOn was consistent with resistance being due 
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to a mutation at a single locus and inherited in a 
Mendelian fashion (Beale et al., 1978). 
Chioroguine: Variation has been observed in the response 
of the rodent malaria species to chioroquine. P.yoelii 
shows an innate high level of resistance, whereas 
P.berghei, P.chabaudi (Peters, 1970) and P.vinckei (Peters, 
1970; Powers et al., 1969) are sensitive. 
Attempts to obtain a high level of chloroquine 
resistance by single step selection have been unsuccessful 
(Peters, 1970; Bishop, 1959). However chloroquine 
resistant lines have been selected using a continuous 
low drug pressure technique over many blood passages. 
There have been several reports of resistance in 
P.berghei some of which have shown the resistance 
character to be unstable in the absence of the drug 
(Peters, 1970). Chioroquine resistance has been developed 
in the other species, Powers et al. (1969) reported 
development of stable resistance in P.vinckei, Rosario 
(1976) and Padua (1980) in P.chabaudi, In each case 
resistance was produced in a parasite line already 
resistant to pyrimethamine. Powers et al. (1969) reported 
that attempts to select chloroquine resistance in a 
pyrimethamine sensitive line of P.vinckei were 
unsuccessful. Rosarlo (1976) and Padua (1980) made a 
genetic analysis of chloroquine resistance in P.chabaudi. 
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Rosario demonstrated recombination between the resistance 
character and enzyme markers using a low level of 
resistance (3 mg. kg. 	chioroquine). Padua, using a 
higher level of resistance (30 mg. kg.) demonstrated 
that in a cross between the highly resistant and the 
sensitive lines, high, low and intermediate levels of 
resistance could be detected among the progeny of the 
cross. This suggested that a high level of resistance 
may be due to the combined action of several mutations 
at different loci. 
Genetic studies have been largely confined to 
crosses between parasites isolated from the same region. 
However, a few crosses between subspecies have been 
reported. Oxbrow (1973) performed a cross between two 
subspecies of P.yoelii, P.y.yoelii and P.y.nigeriensis. 
Of the 16 clones isolated from the mixed progeny of 
this cross, 6 were found to contain a recombinant 
combination of parental characters. This demonstrated 
that despite geographical isolation these parasites 
had retained the capacity to interbreed. This finding 
was confirmed by Knowles et al. (1981) who analysed a 
further 5 crosses between these subspecies. Recombinant 
parasites were detected among the mixed progeny of each 
cross. In addition to demonstrating that these sub-
species can interbreed in the laboratory these crosses 
40 
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also showed that P.yoelii of C.A.R. and Nigeria may 
belong to a single large interbreeding population 
extending between these two localities. Furthermore these 
crosses have demonstrated the feasLbility of examining 
the population structure of rodent malaria parasites 
by performing genetic crosses between subspecies. The 
desirability of such an analysis of malaria parasites has 
long been recognized. Manwell (1937). suggested "we should 
conceive a species of malaria in genetic terms as we do 
most other types of living things. It should be a 
strain of malaria plasmodium which will not hybridize 
with others in the invertebrate host, and it should, of 
course, have certain more-or-less unique morphological 
characters." 
1.4 Aims of this investiQation 
The purpose of the present work was to examine 
the population structure of the rodent malaria parasites 
and to establish whether each species represents a 
single large interbreeding population or a series of 
smaller genetically isolated groups. Previous studies 
have shown there to be genetic variation among the 
geographically separated isolates of each species. This 
variation has been considered sufficient to recognize 
the parasites of each region, C.A.R., Nigeria, Congo, 
and Zaire as distinct subspecies. In 1977 a number of 
new isolates of rodent malaria parasites were made 
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available to this laboratory. These were isolated in 
Cameroun in a region which is almost equidistant from 
the previously surveyed localities in C.A O R O , Nigeria 
and Congo. It was considered that examination of these 
Cameroun isolates could clarify the relationship between 
the rodent malaria subspecies. This has been achieved 
in two ways: 
By comparison of the morphological and enzymic 
characters of the Cameroun parasites with those of 
other regions. 
Hybridization studies, to determine if despite geograph-
ical remoteness the rodent malaria subspecies have 
retained the capacity to interbreed. Hybridization 
experiments were attempted using each of the species 
which have a wide distribution, P.yoelii, P.chabaudi and 
P.vinckei. In addition, the relative ability of para-
sites isolated from sympatric and allopatric populations 
to hybridize was investigated. This was to establish 
if the ability of parasites to interbreed is impaired 
by their geographical remoteness. 
The relationship between rodent malaria parasites 
are discussed in the light of these findings and the 
implications for their taxonomic classification considered. 
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2. MATERIALS AND METHODS 
2.1 	Parasite lines 
2.1.1 Definition of terms 	\J2/1S 
The terms isolate, line, clone and stabilate are used 
here and are defined as follows: 
Isolate - An isolate is a sample of parasites collected 
• on a,unique occasion from a wild rodent or mosquito and 
preerved either by passage in laboratory animals or as 
deep frozen material. An isolate may contain a mixture 
of parasites. 
Line - This refers to a group of parasites which have 
undergone a laboratory manipulation. In practice a 
new line is only created following a procedure which 
changes the character of the parasite in some way, 
for example following drug selection. A line need 
not comprise a group of genetically identical 
parasites. 
C. Clone - A clone is a group of genetically identical 
parasites derived from a single cell. 
d. Stabilate - A stabilate is a population of organisms 
preserved in a viable condition on a unique occasion 
by deep freezing. 
2.1.2 The origins of parasite lines 
The parasite lines used in this work from COA.R., Zaire, 
Nigeria and Congo were from a collection of stabilates 
held in this laboratory. Table 3 lists these together 
TABLE 3 
Details of Stabilates 
Country Species and Host Date of 
of Origin Subspecies Isolate Line Species Capture 
C.A.R. P.y.yoelii 17X A T.rutilans 1965 
32X 32X 
33X C 
55X 55X H 
86X .86X 11 
• 146X 146X 
5AD AD 1969 
3AE AE 11 
3AF AF 
1AK AK  




lEG BG I' 
2BR BR 1970 
2CF CF 




2CX CX H U 
C.A.R. - Central African Republic 
Country Species and . Host. Date of 
of OriQin Subspecies Isolate Line Species Capture 
C.A.R. P.c.chabaudi 54X 54X T,rutilans 1965 
864VD 864VD it 1970 
3AC AC It 1969 
2AD AD 
1ÔAF AF it 









1BK BK U 
lBS BS 11 1970 
2CB CB 
2CE CE it 
2CP CF  
2CQ CQ 
4CR CR it 
2CW CW U 
P.v.petteri lBS BS T.rutilans 1970 
2BZ BZ it 
2CE CE it it 
2CR CR it 
Nigeria P.y.nigeriensis N67 D T.rutilans 1967 
P.v.brucechwatt± 	1-69 1-69 T.rutilans 1969 
N48 N 1967 
Country Species and Host Date of 
of Origin Subspecies 	Isolate Line Species Capture 
Congo P.y.killicki 193L L T.rutilans 1966 
194ZZ 194ZZ 1968 
P.c.adaxni 	556KA DS T.rutilans 1970 
408XZ DK it 1972 
P.v.lentum 	170L 170L T.rutilans 1966 
483L 483L it 1966 
194ZZ 194ZZ 1968 
408XZ 408XZ 1972 
Katanga P.b.berghei 	K173 K173 G.surdaster 1978 
SF11 SF11 A.d.millecanipsi 1961 
A1'IICA ANKA 1966 
LIJKA LUKA 
NK65 NK65 1964 
F.v.vinckei 	V-52 DM A.d.niillecainpsi 1952 
V-67 CY 1967 
Cameroun* Biboto 18 - Thamnomys sp. 1973 
Biboto 37 - Hylomyscus sp. it 
Esekam I - Thainnomys sp. 1974 
Esekam II - 
Esekam III - 
Esekam IV  
les 
*To be discussed LL 
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with the country of origin, host species and date of 
isolation. The Cameroun isolates are characterized here 
for the first time. Bafort (1977) isolated malaria 
parasites from Thamnomys and Hylomyscus species in two. 
locations in central Cameroun, Biboto and Eseka, in 1973 
and 1974. Each isolate was described as containing 
"P.berghei like" or "P.vinckei like" parasites. Six deep 
frozen stabilates were sent to this laboratory from 
Antwerp by Professor M. Wery in 1977. Each was established 
in Edinburgh in laboratory mice. 
2.2 Host species 
Table 4 lists the rodent and mosquito species used and 
their source. Rodents were maintained on a diet of pelleted 
laboratory rat cake (B.P. no. 1 ). Drinking water was 
supplemented with 0'05% p-amino benzoic acid (PABA) to 
promote parasite growth (Hawking, 1953; Garnham, 1966; 
Morgan, 1974). Four to eight week old mice which were 
maintained on the above diet for seven days 'prior to use, 
were usually employed. 
Mosquitoes (Anopheles stephensi) were maintained in 
a 12 hour/12 hour, light/dark cycle at 24 to 26 0C and 
8076 relative humidity. Their diet was 10% glucose 
solution supplemented with 0.05% PABA. Seven to ten 
day old mosquitoes were used in all experiments. 
TABLE 4 	HOST SPECIES 
Species 	 Strain 	Breeding 	 Source 
A. Rodent 
Mouse 	 C57 	Inbred 	University of Edin- 
(Mus musculus) 	 burgh, Centre for 
Laboratory Animals 





Rat 	 WAG 
(Rat tus norvegicus) 
Outbred 	Laboratory colony 
Inbred 	Univrsity of Edin- 
burgh, Centre for 
Laboratory Animals 
B. Mosquito 




2.3 	Maintenance of parasites 
2.3.1 	Blood stages 
2.3.1.1 Estimation of parasitaemia 
Blood forms were examined in thin smears of rodent 
tail blood fixed in methanol and stained with Giemsas 
stain (B.D.H.) buffered at pH 7.2. Efforts were made 
to ensure that the samples examined were representative 
of the circulating blood; only the central area of the 
smear was examined and the counts from several fields 
were averaged to compensate for any uneven distribution 
of parasites. Parasitaemias were expressed as a 
percentage, the number of parasitized cells per 100 
red blood cells in a sample. Routinely the number of 
parasitized cells in 2000 erythrocytes were counted. 
Where accurate counts of parasitaemias were required, 
e.g for cloning, the number of parasites in 10,000 
erythrocytes were counted. 
2.3.1.2 Passage of blood forms 
Parasites were maintained in rodents by intraperi-
toneal or intravenous inoculãtibn of parasitized blood. 
For routine passage, citrate saline (0.9% Na Cl, 1.5% 
Na citrate, pH 7.2) was used as a diluent. Where 
inoculation of a specified number of parasites was 
required or prolonged contact between infected cells 
and medium was anticipated a. mixture of equal parts 
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of foetal calf serum (Gibco cat.no . 629H1) and RPMI 
1640 (Gibco cat.no . H-18) containing heparin was used. 
2.3.1.3 Preparation of a standard inoculuin 
When a pre-determined number of parasites was 
required for inoculation the number of parasites per ml. 
(p.p.ml.) of the donors blood was determined. This is 
the product of the percent parasitaemia and the number 
of red blood cells per ml. The percent parasitaemia was 
estimated, as described above, and the number of blood 
cells per ml. was determined using a Coulter counter. 
Subsequent dilution steps were undertaken such that the 
required number of parasites were inoculated into recip-
ient animals in a 0.1 ml. volume. 
2.3.1.4 CloninQ 
Cloning was by the dilution technique of Walliker 
(1976). A sample of infected blood.was serially diluted 
to a point where each 0.1 ml. inoculum contained on 
average one or less parasites. This quantity was 
inoculated intravenously or intraperitoneally into 
recipient mice. To minimize the number of erythro-
cytes containing more than one parasite, donors with a 
rising parasitaemia of about 1% were used. 
The distribution of parasites among the recipient 
mice follows the Poisson distribution. Assuming that 
each parasite inoculated gives rise to an infection in 
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mice the number of mice which become infected and the 
number of infections resulting from one or more para-
site can be predicted statistically. 
2.3.1.5 Cryo-preservation 
Samples of parasitized blood were stored in liquid 
nitrogen in a balanced salt solution (pH 8.0) and 
glycerol by the methods of Luxnsden et al. (1966). 
Infections were re-established in rodents by 
intraperitoneal inoculation of a rapidly thawed 
stabilate. 
2.3.2 Mosquito stages 
2.3.2.1 Mosquito transmission 
Successful mosquito transmission depends on the 
ability of a parasite line to produce large numbers of 
infective gametocytes. The number of gametocytes in a 
sample of rodent blood was estimated by observation of 
exflagellation, the process in which microgametocytes 
liberate microgametes into the blood. The vigorous 
movement of gametes associated with this can be detected 
microscopically. A drop of infected blood is placed on 
a microscope slide and covered with a coverslip. After 
about 15 minutes exflagellation may be detected under 
x400 magnification. 
The conditions for gametocyte production vary 
depending on the species of parasite involved. 
Considerable variation also exists between subspecies. 
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Much of the work on this subject has been carried out 
by Wery (1968). The differences between the species 
are as follows: 
P. yoelii, produces infective gametocytes between 
days 3 and 5 of an infection in C57 mice. 
P.chabaudi, gametocytes can be observed in C57 mice 
after the first peak bf parasitaemia, from day 10 
onwards. However, production is greatly enhanced 
by development in 3 to 4 week old splenectomized 
white rats (MacLeod and Brown, 1976). Intact 
white rats are normally resistant to infection 
by P.chabaudi. 
P. vinckei, the optimum conditions for mosquito 
transmission remain unclear although gametocyte 
production in P.v.vinckei can be observed in a 
variety of rodent hosts (Bafort, 1971). 
The procedure for mosquito transmission used in this 
work was based on the methods described by Landau and 
Killick-Kendrick (1966). These were as follows: An 
infected rodent exhibiting vigorously exflagellating 
gametocytes was used. It was restrained and placed in 
a cage containing 7-10 day old Anopheles stephensi. 
Feeding was encouraged by depriving the mosquitoes of 
glucose for 24 hours prior to the blood meal. When 
most of the female mosquitoes were engorged with para-
sitized blood, the rodent was removed. After a further 
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24 hours the glucose was returned to the cage; this delay 
in returning the nutrients provided a considerable degree 
of selection for the survival of mosquitoes which had 
taken a blood meal. 
On day 7 after infection the numbers of oocysts 
present were determined by microscopic examination of 
mosquito midguts. From days 11 to 14, sporozoites can be 
detected around ruptured oocysts and also in the salivary 
glands of infected mosquitoes. Infections were re-
established in mice either by feeding mosquitoes directly 
on an uninfected mouse or by intravenous or intraperito-
neal inoculation of sporozoites isolated from dissected 
midguts and salivary glands. Mosquito dissections were 
carried out in Graces insect tissue culture medium 
(Gibco cat. no. 350-1590). The number of sporozoites 
obtained was estimated by examining a sample of inoculum 
in a haemocytometer. An inoculum of between 50,000 and 
100,000 sporozoites was normally used. 
2.3.2.2. Examination of sporogonic stages 
All mosquito midgut and salivary gland dissections 
were carried out in Gracets tissue culture medium. 
Measurement of oocyst diameters; measurements were 
made of mature oocysts in day 13 or 14 infections. 
Midguts were examined microscopically using a calibrated 
eyepiece. The midgut preparations were covered with a 
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coverslip raised with fragments of broken coverslip to 
prevent distortion of oocysts. The mean diameter was 
calculated from measurements of oocysts obtained from 
several midguts. 
Measurement of sporozoite lengths: sporozoites from 
mature rupturing oocysts were smeared onto a microscope 
slide fixed with methanol and stained with Giemsa 2 s 
stain buffered at pH 7.2. Scale drawings were made of 
intact sporozoites using a camera lucida and microscope. 
These were measured with a map measurer, and sporozoite 
lengths calculated with reference to a calibrated 
microscope slide. 	The mean length was calculated from 
sporozoites taken from several mosquitoes. Distorted 
and broken sporozoites were not measured. 
2.4 	Estimation of development time of liver forms 
The time which elapsed between a single inoculation 
of sporozoites into a rodent and the appearance of 
parasites in the blood was used to estimate the time 
taken for development of exoerythrocytic schizonts. 
This was determined by sub-inoculation of blood 
samples at timed intervals after inoculation of sporo- 
zoites into groups of uninfected mice; the first group 
to become infected represents the time at which the 
earliest blood forms had emerged. 
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2.5 Selection of drug resistance 
2.5.1 Pyrimethaniine 
This drug was obtained as the powdered base from 
the Weilcome Research Laboratories, Beckenham, Kent. A 
fine suspension of the drug in distilled water was prepared 
in a teflon homogeniser tube. This suspension was dissolved 
by addition of a single drop of L. lactic acid. The drug 
was administered orally in an 0.1 ml volume. Drug dose 
was related to the irean weight of a group of recipient 
mice and is expressed as mg. of pyrimethamine per kg. body 
weight. 
Selection of pyrimethamine resistant parasites was by 
a single step method (Diggens, et al., 1970; Morgan,1974). 10 7 
to 108 pyrimethamine sensitive parasites were inoculated 
intraperitoneally into each of 30 to 50 mice on day 0. 
Doses of 30 mg kg pyrimethamine were administered for 
four consecutive days commencing 1 to 5 days after infection. 
Blood smears were examined on days 7, 14 and 21. Parasites 
surviving the drug were sub-inoculated into further mice 
and subjected to a standard drug test to determine whether 
resistance was stable. 
A standard drug test was used to distinguish pyri-
methamine sensitive and resistant parasites. Groups of 
eight male C57 mice between 6 and 8 weeks old and weighing 
from 18 to 22 grams were used. These were inoculated 
intraperitoneally with 10 parasites on day 0. Four mice 
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received a dose of pyrimethamine for 4 c Dnsecutive days 
commencing on day 1, 4while the remaining four mice were 
untreated. On days 6 and 9 blood smears were examined to 
determine if parasites had survived drug treatment; if 
so they were classified as pyrimethamine resistant. Those 
which were eliminated were classified as sensitive. 
2.5.2 chloroquine 
This drug was obtained in the form of a 40 mg ml 
solution of chioroquine sulphate (Nivaquine) from May and 
Baker Ltd., Eng'land. The drug was diluted in distilled 
water such that the appropriate dose was delivered in 
0.01 ml of solution per gram of mouse body weight. Each 
mouse was weighed and the calculated dose administered 
orally. 
Chloroquine resistance was selected in a line of P. 
vinckei using the method described by Powers et al. (1969). 
A suppressive dose of chioroquine was administered to mice 
over several blood passages of the parasite. This dose 
was progressively increased as the tolerance of the para-
site increased. 
lO to io8 parasites were inoculated intrape ri tone ally 
into groups of six mice, each of which received d slightly 
different suppressive dose of chloroquine for four con-
secutive days commencing on day 1. On day 8 blood smears 
were examined. At this time parasites surviving the 
highest drug dose were used as the inoculum for the next 
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selective step. In each step a range of drug doses were 
chosen depending on the previous response of the parasite. 
Details of the drug doses used are given in the results 
section (Page 40). 
A standard drug test was used to establish the dose 
of chloroquine tolerated by a parasite line. Groups of 
four male C57 mice between 6 and 8 weeks old and 18 to 22 
gin body weight were used. These were inoculated intra-
peritoneally with 10 6  parasites on day 0 of the test. One 
group was untreated and each of the remaining groups were 
treated with a different dose of chloroquine for 4 conse-
cutive days commencing on day 1. On day 8 blood smears 
were examined and the level of resistance estimated. The 
highest dose which allowed similar growth of parasites in 
drug treated and control mice is quoted as the level of 
resistance attained. 
2.6 	Starch gel electrophoresis 
2.6.1 Preparation of samples 
Parasites obtained from infected C57 mice were pre-
pared for electrophoresis as described by Carter (1978). 
Parasitized blood cells were treated with an equal volume 
of 0.15% saponin solution to bring about lysis of erythro-
cytes and free the parasites from their host.cells. The 
lysed preparation was then suspended in 6 volumes of 
Ringers solution. Separation of parasites from host 
material was achieved by centrifugation at 3,000 g for 20 
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minutes followed by re-suspension of the pellet in 
mammalian Ringer and further centrifugation. The parasite 
material formed a brown pellet in the final centrifugation. 
Where possible parasite material was examined for 
enzymes on the day of preparation. However, it was 
occasionally stored in sealed containers for 4 or 5 days 
at -200C or for several months in liquid nitrogen without 
appreciable loss of enzyme activity or loss of resolution 
on starch gel. 
Parasite material prepared in this manner is only 
partly purified and enzyme activity, due to the host can be 
detected. It was therefore necessary to include uninfected 
host controls on each gel. 
2.6.2 Electrophoretic conditions 
Variation in the electrophoretic mobility of the en-
zymes of blood forms of the parasite were examined by 
starch gel electrophoresis. using the methods of Carter (1978) 
for: 
Glucose phosphate isomerase (GPI) 	E.C.No. 	3.5.1.9 
6 phosphogluconate dehydrogenase (PGD) 	1.1.1.44 
Lactate dehydrogenase (LDH) 	 1.1.1.27 
NADP-dependent glutamate dehydrogenase (GDH) 1.4.1.4 
and Harris and Hopkinson (1976) for: 
Adenosine deaminase (ADA) 
	
3.5.4.4 
Peptidase E (PEP E) 
	
3.4.11 
Glutamate oxaloacetate trarisaminase (GOT) 	2.6.1.1 
røp 
2.7 	Genetic studies 
2.7.1 Conducting a cross 
The method for crossing two parasite lines is illust-
rated in Figure 3. The blood forms of two parasite lines 
were mixed in proportions estimated to result in an equal 
contribution of gametocytes from each parent line. This 
mixture was inoculated intravenously into the appropriate 
rodent host to encourage gametocyte production (See Mosquito 
Transmission, Section 2.3.2.1). Mosquitoes were then 
allowed to ingest blood from this rodent host. The course 
of the resulting infection and of infections •from independ-
ently transmitted parent lines were followed by examining 
midgut preparations of infected mosquitoes. This served 
to give an estimate of the relative success of parent and 
mixed lines, in establishing infections in mosquitoes, and 
also indicated the state of development of oocysts in each 
line. When oocysts had reached maturity and a large number 
of sporozoites could be detected in the salivary glands, 
these infections were re-established in mice. This was 
achieved either by allowing infected mosquitoes to feed 
directly on mice or by intraperitoneal inoculation of 
sporozoites isolated from the midguts and salivary glands 
of 10 to 20 infected mosquitoes. The resulting infections 
in inice were cryo-preserved for future analysis, in addition 
to being analysed at the time. 
Figure 4 illustrates the predicted results of a cross 
FIGURE 3 
	
Procedure for making a cross. 
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(HAPLOID BLOOD FORMS) 
PROGENY OF CROSS 
EXPECTATION 
A 	 C 






SELF 	 CROSS 	 CROSS 	 SELF 
PR GPI 1 	 PR GPI 1 	 PR GPI 1 	PS GPI 2 
PR GPI 1 	PS 	GPI 2 	 PS GPI 2 	 PS .GPI 2 
PR GPI 1 'PR GPI 1 'PR GPI 1 PS GPI 2 
PR GPI 1 PR GPI 2 PR GPI 2 PS GPI 2 
GPI 1 PS GPI 1 PS GPI 1 PS GPI 2 
PR GPI 1 PS GPI 2 *5 GPI 2 PS GPI 2 
PARENT 
PS GPI 2 
6 
3 
PARENT 	' 	RECOMB. 	 BECOME. 
GENOTYPES OF PROGENY 	PR GPI 1 PR 'GPI 2 	 PS GPI 1 
NUMBERS 	 6 ' 	 2 	 2 
RATIO ' 	3 1 1 
PR = pyrimethamine resistant; PS =pyrimethamipe sensitive. 
31. 
between two lines of P. yoelii which differ in two genetic-
ally determined characters, their response to pyrimethamine 
and enzyme (GPI) type. Line A is pyrimethamine resistant 
and GPI 1. Line C is pyrimethamine sensitive and GPI 2. 
If there is random self- and cross-fertilization of gametes 
three types of diploid zygote are formed; one by self-
fertilization of gametes of line A, one by self-fertili-
zation of line C, and a third hybrid zygote resulting from 
cross-fertilization of gametes. Assuming that the 
characters involved are unlinked and are inherited in a 
simple Mendelian fashion, four combinations of parental 
characters can be produced by genetic re-assortment and 
segregation during meiosis of hybrid zygotes. Two of these 
combinations are recombinant and two parental. Together 
with the products of self-fertilization these are repre-
sented among the haploid blood forms in the mixed progeny 
of the cross. The theoretical numbers of each class of 
progeny resulting from this cross are shown in Figure 4. 
The presence of recombinants among the progeny of a cross 
shows that cross-fertilization between the parent lines 
has occurred. In order to detect the presence of recombi-
nants, tests can be made on the uncloned and the cloned 
progeny, as follows:- 
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2.7.2 Tests on uncloned progeny 
In the example of a cross given above, the following 
parasite types can be predicted to occur among the progeny. 
Assuming that self- and cross-fertilization takes place:- 
Pyr resist. GPI 1 	Parental 
Pyr resist. GPI 2) 
Recombinant 
Pyr sens. 	GPI 1) 
Pyr sens. 	GPI 2 	Parental 
The presence of both forms of GPI among the mixed progeny 
of the crpss confirms that both parental types are present. 
Treatment of progeny with pyrimethamine in a stan.dard drug 
test eliminates pyrimethamine sensitive parasites leaving 
only the resistant forms (Figure .5). Enzyme studies on the 
drug treated progeny indicate whether or not recombination 
has taken place between parental characters; the presence 
of enzyrre forms of the sensitive parent (GPI 2) among the 
resistant progeny indicates that cross-fertilization has 
occurred between the parent lines. 
2.7.3 Tests on cloned progery 
A more detailed analysis of a cross can be made by 
examinatIon of individual progeny for their response to 
pyrimethamine and for enzyme type. Each recombinant class 
may be detected among the mixed progeny of the cross and 
can be enumerated by examination of a large number of 
clones. 
FIGURE 5 	ANALYSIS OF THE UNCLONED PROGENY OF A CROSS 
UNDRUGGED 25 mcj Kg 	DRUGGED 
PROGENY 	PYRIMETHAMINE PROGENY 
OF CROSS OF CROSS 
(PARENT PR GPI I PR GPI 1 
3,,(RECOMBINANT PR GPI 2 PR GPI 2 
(RECOMBINANT PS GPI I ELIMINATED 
(PARENT PS GPI 2 ELIMINATED 
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3. RESULTS 
3.1 Characterization of Rodent Malaria Parasites 
3.1.1 Characterization of Cameroun parasites 
Preliminary morphological examination of the blood forms 
of the Cameroun isolates showed that three types of parasite 
were present. One possessed a marked preference for immature 
erythrocytes and from its morphology could be identified as 
P.berghei or P.yoelii. Enzyme electrophoresis subsequently 
showed that it was P.yoelii. The other two types of parasite 
were identified as P.vinckej and P.chabaudi. Both inhabited 
mature erythrocytes and each species could be distinguished by 
morphology of the blood forms. These identifications were 
confirmed by examination of the enzyme forms of the parasite. 
Of the six isolates, two were found to contain mixed infections 
of P.vinckei and P.yoelii, three contained P.vinckei alone and 
one P.chabaudi alone. 	Details of these isolates and the 
species found in each are shown in Table 5. 	Each isolate was 
cloned to produce lines containing genetically pure parasites. 
These were cryo-preserved for further examination of morphology, 
enzyme characteristics and for use in genetic crosses. 
3.1.1.1 Morphology 
The morphology of the blood forms of each parasite line was 
examined. It was not practical to examine the mosquito stages 
of each line. Observations are therefore based on selected 
lines. The characteristics of each species are as follows: 
P.voelii (lines EG and EL) 
Blood stages; these parasites gave rise to an asynchronous 
infection in immature erythrocytes. Parasitaemias rose to 
80% by day 12 of an infection but were not usually lethal. 
TABLE 5 	PARASITE LINES DERIVED FROM CAMEROUN ISOLATES 
Parasite Line; 
species Laboratory 
Isolate present designation 
Biboto 18 P.vinckei EE 
Biboto 36 P.chabaudi EF 
Esekam I P.vinckei EG 
Esekain II P.vinckei EH 
P.yoelii EJ 
Esekam III P.vinckei EK 
Esekam IV P.yoelii EL 
P.vinckei EP 
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Peak gametocyte production was on days 3 to 5. Blood 
forms were morphologically indistinguishable from one an-
other and from those of P.y.yoelii isolated in C.A.R 
described by Killick-Kendrick (1974). 
Sporogonic stages, (these were examined only in line 
EL); mature oocysts achieved an average diameter of 63 un. 
(s.d. ± 4.4) on day 14, large numbers of oocysts were found, 
mosquito midguts frequently containing 100 or more. Sporo-
zoites were first seen in salivary glands on day II; on 
days. 13 and 14 the average length of 130 sporozoites was 
15.2 'am. (s.d. ± 2.14), development time of sporozoites in 
the liver was estimated to be 47 to 48 hours. 
P.chabaudi (line EF) 
Blood stages; this parasite gave rise to a synchronous 
infection, predominantly in mature erythrocytes, with a 
periodicity of 24 hours. Typically parasitaemias rose to 
95965 by day 6 or 7 and were frequently lethal. The morpho-
logy of the blood forms were similar to that of P.c.chabaudi 
isolated from C.A.R. (Carter and Walliker, 1975). Gameto-
cyte development in mice was poor, but in 3 week old 
splenectomized white rats large numbers of gametocytes 
were detected by day 4. 
Sporogonic stages; in comparison to P.yoelii 
infections, these parasites yielded few oocyts, usually 
less than 10 per midgut. Immature oocysts were clearly 
visible by day 7, the average diameter of 40 day 14 
oocysts was 56 pm. (s.d. ± 4.5). Sporozoites were first 
seen in salivary glands on day 10 or'll. On day 14 the 
average length of 65 sporozoites was 10.5 pm. (s.d. ± 1.3). 
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P.vinckei (lines EE, EG, EH, EK and EP) 
Blood stages; these lines were morphologically identical 
to one another and indistinguishable from P.v.brucechwatti 
(Killick-Kendrick, 1975) and P.v.petteri (Carter and 
Walliker, 1975). Each line gave rise to an asynchronous 
infection in mature mouse erythrocytes with parasitaemias 
rising to 901% by day 5 or 6 at which time it was invariably 
lethal. Gametocytes were observed to develop in a range 
of hosts, C57 mouse, CFI mouse ,splenectomized white rat and 
the thicket rat G.surdaster between days 4 and 6. 
Sporogonic stages (examined only in line EE), because 
difficulties were experienced in transmitting P.vinckei 
through mosquitoes, only limited data are available on the 
sporogonic stages, and these are based on observations of 
a single successful transmission carried out at 25
0C. 
Numerous other attempts to transmit P.vinckei at this and 
other temperatures between 18 and 28
0C and from a variety 
of rodent species were unsuccessful. 
In mosquitoes, immature oocysts were clearly visible 
by day 7. There were between 10 and 20 on each midgut 
examined. On day 13 the average length of 76 sporozoites 
was 12.2 jim. (s.d. ± 2.3). 
3.1.1.2 Enzymes 
Each of the cloned lines derived from Cameroun isolates 
was examined for electrophoretic variation in five enzymes 
GPI, FGD, LDH, GDH and ADA. The electrophoretic mobilities 
of these parasite lines were compared with lines derived 
from other regions. From thisvariants were identified 
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which are common to other regions or unique to the 
Cameroun parasites. Each variant was numbered accordingly, 
Table 6, these results are also incorporated into Table 7. 
P.yoelii. Lines E.J and EL were identical for each enzyme 
examined. The enzyme forms found were GPI-1, PGD-4, 
LDH-I, GDH-4 and ADA-2. These forms are also seen in 
P.y.yoelii of the Central African Republic (Carter, 
1978 and Table 7). 
P.chabaudi. The single isolate of P.chabaudi, line EF, 
possessed the enzyme forms GPI-4, PGD-2, LDH-5, GDH-5 
and ADA-7. These forms are also found in P.c.chabaudi 
of C.A.R. (Carter and Walliker, 1975 and Table 7). 
P.vinckei. There was considerable variation among the 
Cameroun P.vinckei each line being characterized by a 
different enzyme complement. Among the five lines there 
were four variants of GPI, types 5, 6, 12 and 13; two 
variants of PGD, types 5 and 6 and three variants of 
LDH, types 7,9 and 11. GDH-6 and ADA-S were common to 
all lines. Some of these forms are found inP.vinckei 
lines from other regions but three were found to be 
unique to Cameroun; GPI-12 and 13 and LDH-11, Table 7. 
The position of these' unique variants on starch gel 
relativeto standards are shown in Figure 6. 
TABLE 6 	ISOENZYMES OF THE RODENT MALARIA PARASITES OF 
CAMEROUN 
Line 	GPI 	PGD 
EJ I 4 
EL 1 4 
EF 4 2 
EE 12* 5 
EG 6 6 
EH 13* 5 
EK 5 5 
EP 6 5 
LDH GDH ADA 
1 4 2 
1 4 2 
5 5 7 
9 6 5 
11* 6 5 
7 6 5 
7 6 5 




* Denotes an enzyme variant/found only in Cameroun. 
FIGURE 6 The position of enzyme variants 
of the Cameroun Plasmodium vinckei 
GP1-11 and -13 and LDH-ll relative 
to standards. 
Parasite bands are shown in black 
and those of the rodent host in 
white. 
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3.1.2 Characterization of four species of rodent malaria 
parasite for variation in ADA 
The blood forms of rodent malaria parasites were 
examined for enzyme variation by starch gel electrophor-
esis. A preliminary examination had shown that activity 
of 3 enzymes could be detected; 
Peptidase E (PEP E) 
Glutamate oxaloacetate transaminase (GOT) and 
Adenosine deaminase (ADA) 
Of these PEP E and GOT were found to be unsuitable for 
routine investigation of enzyme variation because they 
produced a complex pattern of diffuse bands or were not 
reproducible. Adjusting pH and the ionic strength of 
gel buffers failed to improve the resolution and so 
investigation of these enzymes was discontinued. 
ADA produced a single clear parasite band distinct 
from the host enzyme, and showed considerable variation• 
among the parasite lines exainined. This enzyme was used 
further in a survey of rodent malaria parasites. 
A large number of lines representing the four species 
of rodent malaria parasites were examined for variation in 
ADA. Where possible cloned lines were used. The relative 
position of each electrophoretic form of ADA is shown in 
Figure 7 • Each electrophoretic variant was given an 
identification number, the parasite lines characterized 
by each variant form are shown along with the results 
of previous electrophoretic studies of the lines 
(Carter, 1978; Lainson, 1983) in Table 7 
FIGURE 7 Electrophoretic forms of ADA in four species of rodent 
malaria parasite. 
Parasite bands are shown in black and those of the rodent 
host in white. 
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Isoenzymes of rodent malaria species and subspecies 
P.bercjhei Line GPI PGD LDH GDH ADA 
(Katanga) K173 3 1 1 3 3 
SF11 3 - 	 1 1 3 3 
ANKA 3 1 1 3 3 
LUKA 3 1 1 3 3 
NK65 3 1 1 3 3 
P.y.yoelii Line GPI PGD LDH GDH ADA 
(C.A.R.) A 1 4 1 4 2 
32X 1 4 1 4 2 
C 2 4 1 4 2 
55X 1 4 1 4 2 
BoX 1 4 1 4 2 
146X 1 4 1 4 2 
AD 1,2 4 1 4 2 
AE 1 4 1 4 2 
AF 1 4 1 4 2 
AK 1 4 1 4 2 
AR 2 4 1 4 2 
AZ 1 4 1 4 2 
BE 1 4 1 4 2 
BF 2 4 1 4 2 
BG 1 4 1 4 2 
BR 2 4 1 4 2 
CF 2 4 1 4 2 
CL 1 4 1 4 2 
CN 1,10 4 1 4 2 
CF 1 4 1 4 2 
CU 1 4 1 4 2 
CX 1 4 1 4 2 
P.y.killicki Line GPI FGD LDH GDH ADA 
(Congo) 193L 1 4 1 1 2 
194ZZ 1 4 1 1 2 
P..y.nigeriensis Line GPI PGD LDH GDH ADA 
(Nigeria) D 2 4 1 2 1 
P.yoelii Line GPI PGD LDH GDH ADA 
(Canieroun) EJ 1 4 1 4 2 
EL 1 4 1 4 2 
P.c.chabaudi Line GPI PGD LDH GDH ADA 
(C.A.R.) 54X 4 3 3 5 7 
864VD 4 3 4 5 9 
AC 4 2,3 2,4 5 9 
AD 4 2 3,5 5 8 
AF 4 2 5 5 7 
AJ 4 3 2 5 9 
AL 4 2 2 5 9 
AM 4 2 3 5 7 
AQ 4 3 2 5 9 
AS 4 2 3 5 6 
AT 4 . 3 2,3 5 7 
BC 4 3 4 NT 8 
BE 4 3 2 5 7 
BJ 4 2 4 5 NT 
BK 4 7 2 5 8 
BS 4 2 5 5 7 
CB 4 3 4 5 8 
CE 4 3 3,4 5 9 
CF 4 2 4,5 5 NT 
CQ 4 3 5 5 NT 
CR 4 2 3 5 8 
CW 4 3 4 5 NT 
P.c.adami Line GPI PGD . LDH GDH ADA 
(Congo) DK 8 2 8 5 7 
DS 8 2 10 5 7 
P.chabaudi Line GPI PGD LDH GDH ADA 
(Cameroun) EF 4 2 5 5 7 
p.v..vinckei Line GPI PGD LDH GDH ADA 
(Katangâ) V-52(DM) 7 6 6 6 4 
V-67(CY) 7 6 6 6 4 
P.v.petteri Line GPI PGD LDH GDH ADA 
(C.A.R.) BS 9 5 7 6 5 
BZ 9 5 7 6 5 
CR 5,9 5 7 6 5 
CE 5 5 7 NT NT 
P.v.lentum Line GPI PGD LDH GDH ADA 
(Congo) 170L 6 5 7 6 5 
483L 6 5 7 6 5 
194Z 6 5 7 6 5 
408XZ 11 5 9 6 5 
P.v.brucechwatti Line GPI PGD LDH GDH ADA 
(Nigeria) 1-69 6 6 9 6 5 
N48 6 6. 9 .6 5 
P.vinckei Line GPI PGD LDH GDH ADA 
(Cameroun) EE 12 5 9 6 5 
EG 6 6 11 6 5 
EH 13 5 7 6 5 
EK 5 5 7 6 5 
EP 6 5 11 6 5 
NT = enzyme not tested 
C.A.R. - Central African Republic 
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3.2 Hybridization Studies 
3.2.1 Parent Lines 
Hybridization studies were attempted in 3 species of 
rodent malaria parasites, P.yoelii, P.chabaudi and 
P.vinckei. Each parent line was distinguished by isoenzyxnes 
(Table 7).Three procedures were followed to prepare para-
sitelines for use in genetic crosses. Each of the parent 
lines were: 
Cloned. 
Where appropriate, selected for resistance to 
pyrimethamine or chioroquine. 
Examined for growth characteristics in mosquitoes 
and C57 mice. 
Each of these is described in the following section. 
3.2.1.1 Cloning Parasite Lines 
Each parasite line used in crossing experiments was 
cloned to ensure genetic uniformity. A group of mice 
were inoculated intrapéritoneally or intravenously with 
an average of 0.5 parasites each. By this means clones 
of the following lines were obtained: 
P.yoelii (Cameroun) 
P.voelii killicki 
P. chabaudi (Cameroun) 
P.chabaudi adami 





Lines BE and EP 
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Cloned lines developed by other workers were also used, 
these were: 
P.yoelii yoelii 	 Line C* 
P.yoelii nigeriensis 	Line D 
P.chabaudi chabaudi 	 Lines AS and CB 
To give consistent results the same parental clone was 
used in each crossing experiment. 
3.2.1.2 Development of drug resistant parasites 
A. Pyrimethamine 
Several pyrimethamine resistant parasite lines were pro-
duced during the course of this work (Table 8). Sensitive 
clones of P.yoelii, P.chabaudi and P.vinckei were subjected 
to a single step selection with a high level of pyrimethamine. 
Parasites surviving this drug treatment were not all subse-
quently found to be stably resistant to pyrimethainine. Each of 
the lines obtained by single step selection were blood pass-
aged in the absence of drug pressure then tested in a standard 
drug test to establish the stability of the resistance charac-
ter. By this means stable resistance to 30 mg.kg . 1 pyrimetha-
mine was produced in the following parasite lines: 






P. chabaudi (Cameroun) 
	
Line EF 
and P. vinckei (Cameroun) 
	
Lines EE and EP 
*Line C is the cloned product of a cross between two lines 
of P.y.yoelii, lines A and C. (Walliker et al., 1973). 
TABLE 8 	Development of pyrimethamine resistant parasite lines 
Species! Line Experiment No.of mice No.of para- Pyr.dose Day No.of No.of lines 
subspecies No. inoculated sites 
(t 	kg. 	
1 ) commence mice obtained 




P. yoelii EL 1 50 107 30 1 1 0 
(Cameroun) 
2 50 lO 30 1 2 0 
3 55 10 30 4 4 0 
4 120 2x107 30 3 4 1 
P. yoelii L 1 47 107 40 1 0 - 
killicki 
2 50 7 I0 40 1 1 0 
3 62 lO 40 1 2 0 
4 44 108 30 3 1 1 
P. chabaudi EF 1 60 10 30 1 1 0 
(Cameroun) 
7 2 60 10 30 1 1 1 
P. vinckei EE 1 60 107 30 1 3 3 
(Cameroun) 
EM 1 60 7 10 30 1 
EP 1 60 7 10 30 1 0 - 
2 80 107 30 3 1 1 
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Fyrimethaxnine resistant lines developed by other workers 
were also made use of in crossing experiments: 
P.yoelii nigeriensis LineD (Morgan, 1974) 
P.yoelii yoelii 	Line C (Walliker et al., 1973) 
and P.chabaudi chabaudi LineAS (Walliker et al., 1975) 
These were removed from deep freeze storage and the 
resistance checked. Each line was found to be resistant 
to 30 mg.kg . 	pyrimethaznine in a standard drug test. To 
obtain consistent results the same pyrimethaniine resistant 
line was used in all crossing experiments. 
B. Chloroguine 
Chloroquine resistance was developed simultaneously 
in two lines of P.vinckei (Cameroun), these lines differed 
only in their response to pyrimethamine. One line was a 
pyrimethamine sensitive clone and was obtained from line 
EE. The pyrimethamine resistant line was derived from 
the sensitive line in a single step selection, see Table 
8. Figure 8 illustrates the development of chioroquine 
resistance in these two lines by continuous low level 
drug pressure extending over 15 blood passages. In the 
first passage the level of chloroquine tolerated by the 
sensitive parasites was established. Both lines were 
found to withstand 3 mg.kg . 	in a standard drug test but were 
-1 eliminated by 4 mg.kg . . By passage 15 the level of 
FIGURE 8 
Development of chioroquine resistance in two lines of P.vinckei (Cameroun) 
Pyrimethamine sensitive line 
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resistance had been gradually increased to a point where 
both lines tolerated 10 mg. kg. 1 , selection was then 
discontinued. 	Thus, a significant increase in the drug 
tolerance of the selected lines as compared with the 
sensitive control lines had been obtained. 
Experiments were carried out to establish the stab-
ility of the chloroquine resistance character in the 
pyrimethamine sensitive and resistant lines. In both 
lines the level of chloroquine resistance was found to 
be undiminished following 15 consecutive blood passages 
in the absence of drug pressure and cryo-preservation 
for a period of 6 months. 
3.2.1.3 Growth characteristics of parasite lines 
In a genetic cross, simultaneous development of two 
parasite lines with widely differing growth character-
istics may affect the proportions of progeny obtained. 
The growth characteristics of each parasite line were 
therefore examined independently in C57 mice and in 
mosquitoes, a brief description of these observations 
follows: 
P. yoelii: 	Considerable variation was observed in the 
growth characteristics of the subspecies of P. yoelii, 
the most notable difference being in the preference for 
host blood cells; P. y. nigeriensis, line D, can invade 
mature erythrocytes and reticulocytes. 	This parasite is 
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therefore more virulent than the other subspecies of 
P. yoelii which are restricted to entering reticulocytes. 
P. y. nigeriensisfrequentlyprOdUCeS high infections in 
mosquitoes, infected mid guts may contain 100 or more 
oocysts. 
P. y. yoelii, line C and P. yoelii (Cameroun), line 
EL, have very similar infection patterns, both produce 
relatively mild infections in mice. Development of these 
lines in mosquitoes is similar to P. y. nigeriensis. In 
contrast, P. y. killicki, line L, grows slowly in mice 
and typically produces low infections in mosquitoes. 
P. chabaudi: 	Four lines of P. chabaudi were used in 
crossing experiments; P. c. chabaudi, lines AS and CB, 
P. chabaudi (Cameroun), line EF and P. c. adami, line DS. 
No notable differences were observed in the growth 
characteristics of these lines in mice or mosquitoes. 
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3.2.2 Results of Crossing Experiments 
3.2.2.1 P.yoelii Crosses 
3.2.2.1(a) 	 P.yoelii 	P.yoelii 
(Caineroun) yoelii 
Details of Parent Lines 
Line 	 EL 	 C 
Country of Origin 	 Cameroun 	C.A.R. 
Pyrimethamine response 	 Sensitive 	Resistant 
Enzyme; GPI 	 1 	 2 
Crosses Attempted 
Six crosses were attempted. In crosses 1, 2 and 3 
the parent line P.y.yoelii (line C) failed to infect 
mosquitoes. Enzyme analysis showed that this line was 
also absent from the mixed proeny of these crosses. In 
crosses 4, 5 and 6 both parent lines and the mixed lines 
were successfully transmitted through mosquitoes. 
Analysis of crosses 4, 5 and 6 (Table 9) 
Crosses 4 and 6 produced identical results. The 
enzyme forms of both parent lines were detected among the 
undrugged progeny of the cross. However treatment with 
5, 15 and 25 mg.kg . 1  pyrimethamine in a standard drug 
test eliminated the enzyme form corresponding to the 
sensitive parent (GPI 1). There was therefore no evidence 
for the presence of recombinant parasites among the 
products of these crosses. This was confirmed by analysis 
of each cross using new samples of cryo.-preserved 
material. 
In cross 5, both parental enzyme forms of GPI were 
observed among the undrugged progeny. In this case 
treatment with 5, 15 and 25 mg.kg . pyrimethamine did 
not eliminate the enzyme forms of the sensitive parent 
thus indicating that recombinant progeny were presentpnCL 
demonstrating that hybridization had occurred between 
parent lines. 
Clones derived from the mixed progeny of cross 5 
Eight clones were established by intraperitoneal 
inoculation of 60 mice with an average of 1 parasite 
derived from the mixed progeny of the cross. Each of 
these clones was characterized for response to 25 mg.kg . 
pyrimethamine and for the electrophoretic forms of GPI 
present (Table 10). 
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TABLE 9 Examination of the uncloned progeny of EL/c crosses 
4, 5 and 6. 
Line Pyr.treatment Pyr.response GPI 
mg. kg. 	1pyr. 
EL 0 - 1 
5 Sensitive - 
15 Sensitive - 
25 Sensitive - 
C 0 - 2 
5 Resistant 2 
15 Resistant 2 
25 Resistant 2 
EL/C 0 - 1 & 2 
(drosses 4 and 6) 
5 Resistant 2 
15 Resistant 2 
25 Resistant 2 
EL/C 0 - 1 & 2 
(Cross 5) 
5 Resistant 1 & 2 
15 Resistant 1 & 2 
25 Resistant 1 & 2 
TABLE 10 Detailed analysis of the uncloned progeny of 
EL/C cross 5 
EL Parent type 
Recombinant types 
C Parent type 
No. of Expected 
Pyr. response GPI clones Ratio 
Sensitive 1 3 3 
Sensitive 2 3 1 
Resistant 1 1 1 
Resistant 2 1 3 
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3.2. 2.1(b) 	 P.yoelii 	P.yoelii 
(Cameroun) niaeriensis 
Details of Parent Lines 
Line 	 EL 	 D 
Country of Origin 	 Cameroun 	Nigeria 
Pyrixnethamine response 	 Sensitive 	Resistant 
Enzymes: GPI 	 1 	 2 
GDH 	 4 	 2 
ADA 	 2 	 1 
Crosses Attempted 
This cross was performed eight times. Examination of 
crosses 1 to 4 were discontijiued because parent lines failed 
to establish infections in mosquitoes or infected mosquitoes 
failed to re-infect rodents. In the remaining four crosses, 
all cyclical transmissions of parasite lines were successful. 
Analysis of crosses 5 - 8 (Table 11) 
Crosses 5, 6 and 7 produced identical results. 	The 
enzyme forms of both parent lines could be detected among 
the undrugged progeny of the cross. Treatment with 5, 15 
and 25mg.kg . 	pyrimetharnine in a standard drug test 
eliminated the enzyme forms of GPI, GDH and ADA corres- 
ponding to the sensitive parent. Thus, there was no evidence 
for the presence of recombinant parasites among the progeny 
of these crosses. This was confirmed by analysis of each 
of these crosses using new samples of cryo-preserved 
material. 
In cross 8 both parental enzyme forms of GPI, GDH and 
ADA were observed among the undrugged progeny of the cross. 
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Administration of 5, 15 and 25 mg.kg . 
1 
 pyriniethamine in a 
standard drug test did not completely eliminate the enzyme 
forms of the sensitive parent thus demonstrating the 
presence of recombinant parasites characterized by pyri-
methamine resistance and the enzyme forms of the sensitive, 
parent line. Cross 8 was examined in greater detail by 
QJ 
drug treatment of the uncloned progeny/by cloning. 
Drug tests on the uncloned progeny of cross 8 
Variation was observed in the response to pyrimethamine. 
-1 
The mixed progeny were treated with 5,10,15,20,25 and 40mg.kg6 
pyrimethamine, the response is shown in Table 12. Recombinant 
forms were consistently seen when ADA was examined. However, 
GPI and GDH did not show such a clear cut pattern. Increasing 
the drug dose progressively eliminated bands of enzyme acti-
vity corresponding to the sensitive parental types, GPI 1 and 
GDH 4. In addition, considerable variation in the staining 
intensity was observed each time the drug test was repeated 
using new samples of cryo-preserved material. 
Clones derived from the mixed progeny of cross 8 
Further information about the frequency of each class 
of parasite was obtained by cloning. An average of one 
parasite was inoculated intraperitoneally into 80 mice, of 
these 11 became infected. 	These clones were characterized 
for their response to 5 and 25 mg.kg . 	pyrimethamine in 
a standard drug test and for the electrophoretic mobility 
of GPI, GDH and ADA (Table 13). 
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TABLE 11 	Examination of the uncloned progeny of EL/D 
crosses 
Line Pyr. treatment Pyr. response GPI GDH ADA 
.(mg.kg.) 
EL 0 - 1 4 2 
5 Sensitive - - - 
15 Sensitive - - - 
25 Sensitive - - - 
D 0 - 2 2 1 
5 Resistant 2 2 1 
15 Resistant 2 2 1 
25 Resistant 2 2 1 
EL/D 0 - 1&2 4&2 1&2 
(crosses 
5,6 	& 	7) 5 Resistant 2 2 1 
15 Resistant 2 2 1 
25 Resistant 2 2 1 
EL/D 0 - 1&2 4&2 1&2 
(cross 	8) 
5 Resistant 1&2* 4&2* 1&2 
15 Resistant 1&2* 4&2* 1&2 
25 Resistant 2 2 1&2 
* The band corresponding to the sensitive parent line 
(GPI 1; GDH 4) has a variable intensity. 
TABLE 12 Detailed analysis of the uncloned progeny of 
EL/Dcross 8 
Line Pyr. treatment Pyr. response GPI GDH ADA 
-1 (mg.kg. 
EL 0 - 1 4 2 
5 Sensitive - - - 
40 Sensitive - - - 
D 0 - 2 2 1 
5 Resistant 2 2 1 
40 Resistant 2 2 1 
EL/D 0 - 1&2 4&2 1&2 
(cross 	8) 
5 Resistant 1&2* 4&2* 1&2 
10 Resistant 1&2* 4&2* 1&2 
15 Resistant 1&2* 4&2* 1&2 
20 Resistant 2 4&2* 1&2 
25 Resistant 2 2 1&2 
40 Resistant 2 2 1&2 
* The band corresponding to the sensitive parent line 
(GPI 1; GDH 4) has a variable intensity. 
TABLE 13 Clones derived from the mixed progeny of 
EL/D cross 8. 
Restonse to 5 
1 and 25 ing.kg.  No. of 
pyrimeth amine 	GPI GDH ADA Clones 
D, Parent Resistant 2 2 1 4 type 
Resistant 2 2 2 1 
(Resistant 1 2 2 2 
Recombinant ( 
types ( Resistant 1 4 1 2 
Sensitive 2 2 1 1 
( Sensitive 1 2 2 1 
11 
3.2.2.1(c) 	 P. yoeIii 
(Came roun) 
Details of Parent Lines 
Line 	 EL 
Country of Origin 	 Cameroun 
Pyrimethainine response 	Sensitive 









This cross was attempted four times. 	On three 
occasions (crosses 1, 2 arid 3) the Congolese line (line L) 
failed to establish an infection in mosquitoes. 	In the 
remaining cross (cross 4) both parent lines and cross lines 
were successfully mosquito transmitted. 
Analysis of cross 4 (Table 14) 
The enzyme forms of both parent lines could be detected 
among the undrugged progeny of the cross. 	Treatment with 
5, 15 and 25 mg. kg. 	pyrimethamine in a standard drug test 
did not eliminate the enzyme forms corresponding to the 
sensitive parent (GDH 4), thus demonstrating the presence of 
parasites with the recombinant characteristic, pyrimethamine 
resistance and GDH 4. 
Clones derived from the mixed progeny of cross 4 
12 clones were isolated from the mixed progeny of this 
cross by intraperitoneal. inoculation of an average of 1 
parasite into each of 60 mice. 	These clones were character- 
ized for their response to 15 mg. kg. 1 pyrimethamine and 
GDH enzyme type (Table 15). 
TABLE 14 Examination of the uncloned progeny of EL/L 
cross 4 
Line 	 Pyr.treatment 	Pyr.response 	GDH 
(mg.kg. - 1 
EL 	 0 	 - 	 4 
	
5 	 Sensitive 	- 
15 	 Sensitive 	- 
25 	 Sensitive 	- 
L 	 0 	 1 
5 	 Resistant 	1 
15 	 Resistant 	1 
25 	 Resistant 	1 
EL/L 	 0 	 - 	 1 & 4 
(cross 4) 
5 	 Resistant 	1 & 4 
15 	 Resistant 	1 & 4 
25 	 Resistant 	1 & 4 
TABLE 15 Clones derived from the mixed progeny of EL/L cross 4 
Response to 
15 mg.kg. 1 Pyr. 	GDH 	No. of clones 
L. Parent type 	 Resistant 	 1 	 0 
	
Resistant 	 4 	 3 
Recombinant types 	( 
( Sensitive 	 1 	 2 

















Details of parent lines 
Line 
	 L 
Country of Origin 	 Congo 
Pyrimetharn Lne response 	Resistant 
Enzymes: 	GPI 	 1 
GDH 	 1 
Crosses Attempted 
This cross was attempted five times. On three occasions 
enzyme activity corresponding to the pyrimethamine resistant 
line could not be detected among the mixed progeny of the 
cross, indicating that the parent line (line L) had failed 
to transmit through mosquitoes. 	In the remaining two 
crosses both parent lines and the cross lines were success-
fully transmitted through mosquitoes. 
Analysis of crosses (Table 16) 
Crosses 1 and 2 produced identical results. 	The enzyme 
forms of both parent lines could be detected among the 
undrugged progeny of the cross. 	Treatment with 5, 15 anci 
25 mg. kg. 
-1  pyrimethamine in a standard drug test eliminated 
the enzyme forms of the sensitive parent, GPI 2 and GDH 4. 
Thus, there was no evidence for the presence of recombinant 
parasites among the progeny of these crosses. 
TABLE 16 Examination of the uncloned progeny of L/C 
crosses 1 and 2 
Line 	 Pyr.treatment 	Pyr.response 	GPI 	GDH 
(mg.kg. -1 
L 0 
5 Resistant 1 1 
15 Resistant 1 1 
25 Resistant 1 1 
C 0 - 2 4 
5 Sensitive - - 
15 Sensitive - - 
25 Sensitive - - 
L/C 0 - 1&2 1 & 4 
(crosses 1 & 2) 
5 Resistant 1 1 
15 Resistant 1 1 
25 Resistant 1 1 
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3.2.2.2 P.chabaudi Crosses 
3.2.2.2.(a) 	 P..-chabaudi 	
P.chabaudi  
chabaudi (Camerourl) 
Details of parent lines 
Line 	 AS 	
EF 
Country of origin 	 C.A.R. 	
Cameroun 
Pyrimethanhifle response 	Resistant 	
Sensitive 
Enzymes; LDH 	 3 	
5 
ADA 	 6 	
7 
Crosses attempted  
This cross was performed four times. On two occasions 
the parent line (lineEF) failed to infect mosquitoes. 
Enzyme analysis showed that this line was also absent from 
the mixed progeny of these crosses, in iii 
crosses both parent lines and the mixed lines were success-
fully transmitted through mosquitoes. 
Analysis of crosses 1 and 2 (Table 17 ) 
These crosses produced identical results. The enzyme 
forms of both parent lines could be detected among the 
undrugged and the drugged progeny of these crosses. 
Treatment with 5, 15 and 25 mg.kg ) pyrimethal'hine in a 
standard drug test did not eliminate the enzyme forms of 
the sensitive parent. Thus, among the mixed progeny of 
the cross there were parasites with a non_parental 
combination of characters, pyrimethallhine resistance, LDH 5 
and ADA 7. 
Clones derived from the mixed procenY of cross 2 (Table 18) 
Clones were established from the mixed progeny of 
this cross on two separate occasions. On the first 
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occasion 80 mice were inoculated intravenously with an 
average of one parasite, of these 18 became infected. On 
the second occasion 65 mice were inoculated intravenously 
with an average of one parasite, of these 11 became infected. 
A total of 29 clones were established from 145 mice. Each 
clone was examined for its response to 25 mg.kg . pyrimeth-
amine in a standard drug test and for the electrophoretic 
forms of LDH and ADA present. 
TABLE 17 Examination of the uncloned progeny of 
AS/EF crosses 1 and 2 
Pyrimethamine 
treatment Pyrimethamine 
Line (mg.kg. 	) response LDFI ADA 
AS 0 - 3 6 
5 Resistant 3 6 
15 Resistant 3 6 
25 Resistant 3 6 
EF 0 - 5 7 
5 Sensitive - - 
15 Sensitive - - 
25 Sensitive - - 
A.S/EF 0 - 3&5 6&7 
(crosses 1 & 2) 
5 Resistant 3&5 6&7 
15 Resistant 3&5 6&7 
25 Resistant 3&5 6&7 
TABLE 18 	Clones derived from the mixed progeny of AS/EF cross 2 
Pyrimethamine 
response 
(25 mg.kg) 	LDH 	ADA 
EF parent type 	Sensitive 5 	7 
Sensitive 5 	6 
Sensitive 3 	7 
Sensitive 3 	6 
Recombinant types 	Resistant 5 	7 
Resistant 5 	6 
Resistant 3 	7 
AS parent type 	Resistant 3 	6 
No. of clones 
Cloning 1 Cloning 2 Total 
	
4 	 2 	 6 
1 	 2 	 3 
5 	 1 	 6 
0 	 0 	 0 
3 	 2 	 5 
2 	 0 	 2 
2 	 0 	 2 
1 	 4 	 5 
18 	-. 	11 	 29 
51. 
3.2.2.2(b) 	 P.chabaudi 	P.chabaudi 
(Canieroun) adami 
Details of parent lines 
Line 	 EF 	 DS 
Country of origin 	 Caineroun 	Congo 
Pyrimethamine response 	 Resistant 	Sensitive 
Enzymes; GPI 	 4 	 8 
LDH 	 5 	 10 
Crosses attempted 
This cross was attempted twice, on one occasion the 
parent and cross lines were successfully transmitted 
through mosquitoes. 
Analysis of crosses 1 and 2 (Table 19) 
In both crosses the enzyme forms of both parent lines 
could be detected among the undrugged progeny of the cross. 
In cross 1 administration of 5,15 and 25 mg.kg . 
pyrimethamine eliminated the enzyme forms of the sensitive 
parent, GPI 8 and LDH 10. There was therefore no evidence 
of recombinant parasites among the progeny of this cross. 
In cross 2 treating the mixed progeny of the cross with 
5, 15 and 25 mg.kg . 	pyrimethamine did not eliminate the 
enzyme forms of the sensitive parent. Thus, demonstrating the 
presence of parasites with a recombinant combination of par-
ental characters, pyrimethamine resistance with GPI 8 and 
LDH 10. 
Clones derived from the mixed progeny of cross 2 (Table 20) 
Sixty mice were inoculated intravenously with an aver-
age of one parasite. Of these 8 mice became infected. Each 
of these clones were examined for their response to 25 mg.kg. 
pyrimethaniine and for the electrophoretic forms of GPI and LDH 
present. 
TABLE 19 	Examination of the uncloned progeny of 
EF/DS crosses 1 and 2 
Pyrimeth amine 
treatment 
--- - Pyrimethamine 
Line (mg.kg. response GPI LDH 
EF 0 - 4 5 
5 Resistant 4 5 
15 Resistant 4 5 
25 Resistant 4 5 
DS 0 - 8 10 
5 Sensitive - - 
15 Sensitive - - 
25 Sensitive - - 
EF/DS 0 - 4&8 5&10 
(cross 1 	) 5 
Resistant -4 5 
15 Resistant 4 5 
25 Resistant - 4 5' 
EF/DS 0 - 4&8 5&10 
(cross 2) 5 Resistant 4&8 5&10 
15 Resistant 4&8 5&10 
25 Resistant 4&8 5&10 
TABLE 20 Clones derived from the mixed progeny of 
EF/DS cross 2 
Pyrimethaxflifle 
response 
-1.. GPI  . LDH.
No..of 
25 ( 	mg.kg. 	Clones 
DS parent type 	Sensitive 	8 10 	
5 
	
(Sensitive 	4 5 	1 
( 
Recombinant types 	(Resistant 	8 5 	
1 
( 
(Resistant 	4 10 	1 
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This cross was attempted on three occasions. Each 
time the parent and cross lines were successfully 
mosquito transmitted. 
Analysis of the crosses (Table 21) 
These three crosses produced identical results. The 
enzyme forms of both parent lines could be detected among 
the drugged progeny. However, treatment with 5, 15 and 
25 mg.kg pyrimethamine eliminated the enzyme forms 
corresponding to the sensitive parent. 	Thus, there was 
no evidence for the presence of recombinant parasites 
among the progeny of these crosses. These results were 
confirmed when each cross was re-examined using new 
cryo-preserved material. 
TABLE 21 Examination of the uncloned progeny of 






-- -. (mg.kq. 	) response GPI LDH ADA 
AS 0 - 4 3 6 
5 Resistant 4 3 6 
15 Resistant 4 3 6 
25 Resistant 4 3 6 
DS 0 - 8 10 7 
5 Sensitive - - - 
• 
. 	 15 Sensitive - - - 
25 Sensitive - - - 
AS/DS 0 - 4&8 3&10 6&7 
(crosses 1,2 & 3) 	5 Resistant 4 3 6 
15 Resistant 4 3 6 
25 Resistant 4 3 6 
53. 
3.2.2.2. (d) 	 P.. chabaudi 	P. chabaudi 
chabaudi chabaudi 
Details of parent lines 
Line 	 AS 	 CB 
Country of origin 	 C.A.R. 	 C.A.R. 
Pyrimetharnine response 	 Sensitive 	Resistant 
Enzymes; PGD 	 2 	 3 
LDH 	 3 	 4 
ADA 	 6 	 8 
Crosses attempted 
This cross was performed by Dr. D. Walliker and Miss 
A. McLean (unpublished material). 
Analysis of the cross (Table 22) 
The enzyme forms of both parent lines could be detected 
among the drugged and the undrugged progeny of the cross. 
Treatment with 5, 15 and 25 mg.kg . 	pyrimethamine did not 
eliminate the enzyme forms of the sensitive parent line. 
Thus, among the mixed progeny of the cross there were 
parasites with a non-parental combination of characters, 
i.e. pyrimethamine resistance with PGD 2, LDH 3 and ADA 6. 
Clones derived from the mixed progeny of the cross (Table 23) 
Clones were established from the mixed progeny of the 
cross on two separate occasions. In the first, 57 mice were 
inoculated intravenously with an average of one parasite, of 
these 26 became infected. The second, of the 59 mice intra-
venously, inoculated with an average of one parasite, 27 
became infected. The inoculum for these two cloning experi-
ments was obtained from the same cryo-preserved sample and 
were one blood passage apart. A total of 53 clones were 
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established from 116 mice. Each clone was examined for 
its response to 25 mg.kg . pyrimethamine in a standard 
drug test and for the forms of LDH and ADA present. PGD 
was not examined, the simil ar electrophoretic mobilities 
of the variants PGD 2 and 3 were found to be difficult to 
interpret reliably. 






Line (mg.kg. 	) response GPI LDH ADA 
AS 0 - 2 3 6 
5 Sensitive - - - 
15 Sensitive - - - 
25 Sensitive - - - 
CB 0 - 3 4 8 
5 Resistant 3 4 8 
15 Resistant 3 4 8 
25 Resistant 3 4 8 
AS/CB 0 - 2&3 3&4 6&8 
5 Resistant 2&3 3&4 6&8 
15 Resistant 2&3 3&4 6&8 
25 Resistant 2&3 3&4 6&8 
TABLE 23 Clones derived from the mixed progeny of the AS/CE cross 
Pyrimethamine 
response 
(25 mg.kq) LDH ADA No. of clones 
I Cloning 1 	Cloning 2 Total 
,J 
AS parent type Sensitive 3 6 5 7 12 
Sensitive 3 8 4 6 10 
Sensitive 4 6 5 3 8 
Recombinant types Sensitive 4 8 5 6 11 
Resistant 3 6 4 1 5 
Resistant 3 8 2 3 5 
- Resistant 4 6 0 0 0 












3.2.2.3 P.vinckei cross 
55. 
P. vinckei 	P. vinckei 
(Cameroun) 
X (Cameroun) 
Details of parent lines 
Line 




This cross was attempted on 5 occasions without 
success. Each time the parent and cross lines failed 
to establish infections in mosquitoes or the sporo-




This discussion is arranged as follows: 
4.1 A discussion of taxonomy, definitions of the 
taxonomic units in question here, i.e. the species 
and subspecies, and the criteria for assigning 
organisms to these taxonomic groups. 
4.2 Characterization of rodent malaria parasites by 
morphology and enzyme electrophoresis. 
4.3 Hybridization studies on rodent malaria parasites. 
4.4 General discussion; this brings together results 
of the characterization and hybridization studies 
and considers to what extent the present work has 
succeeded in clarifying the relationship between 
rodent malaria subspecies. 
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4.1 Taxonomy 
4.1.1 Species and subspecies 
Species: Species can be defined in terms of gene 
exchange between individuals and the ability to share a 
common gene pool. This is recognized in most recent de-
finitions. Mayr (1963) defined the species as, "groups 
of actually or potentially interbreeding populations 
which are reproductively isolated from other such popul-
ations". Operationally, however, this definition is of 
limited value because it is often not possible to test the 
ability of organisms to interbreed and produce viable and 
fertile progeny. In such cases variation in phenotypic 
characters has been used to estimate whether or not organ-
isms are reproductively isolated, the premise being that 
organisms which have a flow of genes between them will 
have more characters in common than reproductively isolated 
organisms. A classification of species based on a compar-
ison of phenotypes would be required to reflect the breeding 
structure of the population. As there is no simple re-
lationship between genetic differentiation and speciation 
(Ayala et al., 1974) there can be no strict definition of 
species in terms of phenotypic characters. However, in 
many organisms, variations in phenotypes are sufficiently 
clear-cut to allow reasonable assumptions to be made about 
the breeding structure of the population. Among the rodent 
malaria parasites there are few taxonomically useful 
morphological and growth characters on which to base a 
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classification. The question of species has been clari-
fied by examination of variation at the level of individual 
gene products; especially isoenzymes. 
Subspecies: A subspecies was defined by Mayr (1963) 
as, "a population or group of populations inhabiting a geo-
graphical sub-division of the range of a species and 
differing from other populations by diagiiostic morphological 
characters". As the distribution of rodent malaria para-
sites is determined by the distribution of suitable hosts, 
the requirement that geographical divisions exist may not 
apply. A more concise definition in this case is that of 
Garnham (1973) , "a subspecies is comprised of allopatric 
populations of organisms with clearly definable biological, 
structural and/or biochemical features". 
The validity of a subspecies classification of rodent 
malaria parasites based on observed variation in morphology 
and biochemical characters can be questioned. Indeed the 
subspecies taxon is considered by some authorities as a 
sub-division of a continuum (discussed by Killick-Kendrick, 
1978) . However, among the rodent malaria parasites the 
subspecies has proved to be operationally useful, dividing 
the species into geographically separate groups which have 
different ranges on the basis of variation in phenotypic 
characters. The principal objective of this work has 
been to clarify the relationship between these subspecies 
groups. 
1.10 
4.1.2 Taxonomic Studies in Various Organisms. 
In order to determine the structure of a population 
it is necessary to have methods for determining whether 
genetic exchange can occur between individuals in that 
population. These can be broadly divided into: (1) Com-
paring phenotypic characters of the individuals that make 
up the population, and (2) Examining the capacity of in-
dividuals to interbreed. Both of these approaches have 
been used in the present study. Before considering the 
results obtained, I first consider briefly some work on 
other organisms where these techniques have provided a 
basis for a classification. Relevant examples are found 
in man, Drosophila, Paramecium and trypanosomes. 
(a) Man 
In man it is commonly assumed that each racial group 
comprises individuals that are genetically rather homo-
geneous, while considerable variation occurs between racial 
groups. An objective measure of genetic identity is pro-
vided by examination of allele frequency at randomly 
selected loci. Harris (1970) examined the allele frequency 
at 27 loci in Europeans and black Africans and found 20 of 
these to be identically monomorphic in both groups. Among 
the 7 polymorphic loci there is only one (PGM 3) in which 
there is a strong differentiation between these groups. 
Latter (1980) compiled an index of 18 polymorphic 
gene loci covering 180 different human populations. 
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7nalysis of this data demonstrated that the largest 
component of genetic diversity results from the differences 
between individuals belonging to the same population and 
that the differences between two distinct populations are 
considerably less pronounced. 
Thus, while the races of man might be considered as 
distinct subspecies on the basis of morphology, examination 
at a biochemical level demonstrates the genetic homogeneity 
of man throughout his range. 
(b) Drosophila 
The relationship between genetic differentiation and 
the speciation process has been extensively examined in 
Drosophila. The Drosophila willistoni group has been 
particularly extensively examined. This population has 
a geographical distribution covering the islands of the 
Caribbean and tropical Central and South America and has 
been examined for reproductive affinities and incompati-
bilities within and between groups. Ayala (1972) examined 
electrophoretic variation in 36 enzymes in natural popu-
lations of D. willistoni. The relationships between the 
various taxa were quantified in terms of their genetic 
distance, i.e. the number of allelic substitutions per locus 
accumulated since separation from an assuried common ancestor. 
It was estimated that about 0.23 electrophoretically de-
tectable allelic substitutions had occurred in the sub-
species and for two sibling species the figure was 0.58 
61. 
substitutions per locus. Distinct species are independently 
evolving units and continue to diverge genetically with 
time. Similar studies have been conducted in a range of 
organisms, reviewed by Ayala (1975). 
(c) Paramecium 
The first examination of enzyme variation in a proto-
zoan population with a known breeding structure was that 
of Paramecium. The Paramecium aurelia complex comprises 
fourteen reproductively isolated yet morphologically 
similar syngens. The discovery of mating types among the 
ciliates by Sonneb.orn (1937) permitted a classification of 
Paramecium based on the ability of pairs of syngens to con-
jugate and produce viable and fertile progeny. There were 
182 possible combinations of mating pairs between these 
syngens, each of which was examined. 175 of these failed 
to conjugate. The remaining seven combinations underwent 
conjugation, although two of these produced infertile 
progeny. By this means each syngen was recognized as a 
distinct species. 
In subsequent work the relationship between these 
species was examined. Tait (1970) , Allen and Gibson (1971, 
1975) and Allen et al. (1971, 1973) examined variation in 
the electrophoretic mobility of enzymes of Paranieciumarid 
demonstrated a high degree of genetic variation between 
the fourteen species. Each speciescou1d be clearly ident-
ified by reference to the electrophoretic mobility of at 
least one enzyme. Thus, a correlation between mating 
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ability and variation in proteins was established in 
this organism. 
(d) Trypanosomes 
Among the trypanosomes, morphology, surface antigen 
typing, infectivity tests and DNA buoyant density centri-
fugation have been examined. However, these techniques 
have provided only a limited amount of data of taxonomic 
value. Electrophoretic. variation among the enzymes of 
blood forms has been shown to provide a good source of 
genetic variation In an extensive examination of African 
trypanosomes Gibson et a1.. (1980) surveyed 160.:stocks for vari-
ation in 12 enzymes. The resulting electrophoretic data 
derrnstrated the presence of 59 zymodemes (populations 
with unique combinations of enzyme forms, WHO, 1978). 
These zymodemes were grouped into clusters using a com- 
puted similarity index (Sokal and Sneath, 1963). 	In order 
to be a member of a cluster, a zymodeme had to be similar 
to a stated minimum degree to every other member of that 
cluster. From this a dendrogram was prepared showing the 
hierarchical relationship of the zymodemes. They were 
shown to correspond to geographical divisions of the 
population and could, for exairle, distinguish East and 
West African forms of T. brucei as well as sub-divisions 
within these geographical areas. In addition host af fin-
ities have been recognized among certain of the zymodemes. 
Thus, a correlation between protein variation and the dis-
tribution of this organism has been recognized. However, 
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no attempt has been made to assign these zymodemes to 
specific or subspecific groups; the zymodeme remains a 
purely operational taxonomic unit. Some controversy sur-
rounds this numerical treatment of phenotypic data. A com-
parison of several published taxonomic studies of this 
kind was carried out by Rohlf and Sokal (1981), which 
demonstrated that considerable variations in the apparent 
relationships between organisms can be obtained depending 
on the analytical techniques used. 
Whilst this electrophoretic examination of trypanosome 
populations may provide a great deal of information about 
the evolutionary relationship of the various groups it 
gives little information about the breeding structure of 
the population. 
Tait (1980) has taken a different approach to the aria-
lysis of electrophoretic data and has provided evidence for 
diploidy and mating in trypanosome populations. 17 
stocks of T. brucei brucei isolated in an area of Uganda 
were examined for variation in 19 enzymes. Eight showed 
polymorphism. Comparison of the observed allelic frequencies 
with those expected, assuming the population to be in 
Hardy-Weinberg equilibrium, showed that the observed fre-
quencies were consistent with a diploid organism undergoing 
random mating and recornbination. Although the ability of 
these organisms to undergo hybridization has not yet been 
demonstrated in the laboratory this work has provided 
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evidence for random interbreeding between trypanosomes. 
(e) Rodent malaria parasites 
The limited number of loci examined in rodent malaria 
parasites precludes a numerical taxonomic treatment of 
electrophoretic data, such as that carried out by Gibson 
(1980) with trypanosomes. Investigation of this organism 
has been restricted to a comparison of allelic frequencies 
in local populations or, where few isolates are available, 
comparison of the enzyme forms of individual isolates. 
Only tentative conclusions about population structure can 
be drawn from these data. Prior to this work it was, for 
example, unknown if this variation represented an evo-
lutionary relationship between reproductively isolated 
groups or reflected the current breeding structure of the 
parasite population. 	Examination of genetic crosses 
between distinct groups characterized for enzymes and 
morphology has clarified this relationship. 
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4.2. Characterization of rodent malaria 
4.2.1 Morphology of Cameroun parasites 
The principal feature used to distinguish the rodent 
malaria species is blood form morphology. Additional 
morphological features used to differentiate these organisms 
at both species and subspecies levels are: 
The mean diameter of fresh mature oocysts. 
The optimum temperature for mosquito transmission. 
The mean length of fixed and stained sporozoites. 
The growth rate of primary exoerythrocytic 
schizonts. 
Here the data obtained from examination of the Cameroun 
lines are compared with published values for the other species 
and subspecies. 
Different methods of estimating the growth rate of 
primary exoerythrocytic schizonts have been used by various 
workers. It has been shown that the results obtained 
may vary depending on the techniques (Landau et l., 1970). This 
character was therefore not considered to be sufficiently 
precise to be of use as a diagnostic character when comparing 
subspecies in the present work. 
4.2.1.1 P.yoelii 
In a blood infection in C57 mice this parasite was 
seen to preferentially invade reticulocytes and could there-
fore be classified as P.yoelii or P.berghei. Initially the 
identification of this parasite was based on temperature of 
1 
mosquito transmission, it was found to be easily transmitted 
in A.stephensi maintained at between 24 and 26
0C. The 
optimum temperature for sporogony of P.berghei is reported 
0 
to be 18 to 21 
0  C; at temperatures higher than 24 C 
sporozoites either fail to develop or have a low infectivity 
(Vanderberg and Yoeli, 1965, 1966). 
The blood forms of the Caineroun lines, EL and EJ were 
found to be indistinguishable morphologically from each 
other and from each of the other P.yoelii subspecies, 
P.y.yoelii (Landau and Killick-Kendrick, 1966), P.y.nigeriensis 
(Killick-Kendrick, 1973) and P.y.killicki (Landau et al., 1968). 
Table 24 shows the characteristics of the sporogonic 
stages of line EL compared to the other P.yoelii subspecies. 
Measurements of oocyst diameters and sporozoite lengths are 
similar to those of isolates of each of the other regions. 
Thus, examination of the blood and sporogonic stages of the 
Cameroun P.yoelii has failed to reveal any characters which 
distinguish this parasite from typical P.yoelii. 
4.2.1.2 P.chabaudi 
Blood forms of the parasite were found to have a 
preference for mature erythrocytes. The pattern of infection 
and morphology of the blood forms are identical to those of 
published descriptions of P.c.chabaudi (Carter and Walliker, 
1975) and P.c.adaini (Carter and Walliker, 1977). 
The measurements of oocysts and sporozoites (Table 24) 
are similar to published values for P.c.adaxni and, although 
smaller than those of P.c.chabaudi the significance of 
TABLE 24. A COMPARISON OF OOCYST DIAMETERS AND SPOROZOITE 
LENGTHS OF SPECIES AND SUBSPECIES OF RODENT 
PLASMODIA. 
Mean oocyst Mean sporozoite 
diameter (aim) 	length (hun) 
P.c.chabaudi 75 a - 	 13.2 b 
P.c.adami 51 c 11.6 c 
P.chabaudi (Cameroun) 56 h 10.5 h 
P.y.yoelii 75 a 14.7 b 
P.y.killicki 60 a 14.0 d 
P.y.nigeriensis 60 d 16.7 d 
P.yoelii (Cameroun) 63 h 15.2 h 
P.v.petteri 50 g 16.2 g 
P.v.vinckei 40 d 15.0 d 
P.v.lentum 47 f 21.0 f 
P.,v.brucechwatti 54 e 14.7 e 
P.vinckei (Caneroun) N.T. 12.2 h 
Killick-Kendrick (1974) 
Landau and Killick-Kendrick (1966) 
c, Carter and Walliker (1977) 
Killick-Kendrick (1973) 
Killick-Kendrick (1975) 
Landau et al. (1970) 
Carter and Walliker (1975) 
Results presented here 
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these differences is doubtful because of the high standard 
deviations accompanying the measurements. The differences 
between each subspecies of P.chabaudi are not sufficient 
to permit these lines to be distinguished by morphology. 
4.2.1.3. P.vinckei 
The pattern of infection and morphology of blood 
forms of each of the P,vinckei isolates of Camerouh were 
indistinguishable from one another and from published 
descriptions of the other subspecies P.v.petteri (Carter 
and Walliker, 1975), P.v.vinckei (Bafort, 1969), P.v.lentum 
(Carter and Walliker, 1977) and P.v.brucechwatti (Killick- 
Kendrick, 1975). 
Difficulties were experienced in obtaining mosquito trans-
missions of the Cameroun P.vinckei. A variety of hosts 
were found to permit gametocyte production. However, 
these either failed to produce infections in A. stephensi 
or, if they did, the sporozoites produced often failed to 
establish infections in rodents. Data for sporozoites 
are therefore based on a single mosquito transmission of the 
line BE, and no measurements were made of oocyst diameters 
(Table 24). 
The mean sporozoite length of 12.2 im (S.D. ± 2.3) 
is somewhat shorter than recorded values for P.v.vinckei, 
P.v.petteri and P.v.brucechwatti, and considerably shorter 
than those of P.v.lentum of Congo. 
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4.2.1.4 Conclusions 
Morphological characters have been used to assign 
each of the Cameroun lines to one of the recognized rodent 
malaria species. These morphological identifications were 
subsequently confirmed by enzyme analysis. However, morph-
ology could not distinguish the Cameroun lines from other 
subspecies. There are few instances where subspecies are 
clearly distinguished by morphology alone, the only 
examples of a quantitative difference between subspecies 
being that of P.v.lentum 	distinguished from each of 
the other subspecies of P.vinckei by its relatively long 
sporozoites. Similarly the sporozoites of P.y.nigeriensis 
can be used to distinguish this parasite from the other 
subspecies of P.yoelii. 
Clearly morphology and growth characteristics alone 
are insufficient to classify the rodent malarias into 
taxonomic categories at a subspecies level. There are 
many problems associated with measurement and interpreta-
tion of morphological characters. Few characters can be 
adequately quantified and in a complex life cycle involving 
two hosts many factors can interfeiwith development. 
Dietary content, temperature, light cycle, concomitant 
infections and other environmental factors have been shown to 
affect growth characteristics (Landau and Boulard,1978). The 
need for standardized conditions has been emphasized 
when comparing morphological characters (Landau et al., 1970). 
Bafort (1968) suggested that parasites should be examined 
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only in their natural hosts. There are, however, objections 
to this. P.bercjhei has been isolated from three rodent 
hosts, Thamnomys sp., Praomys jacksoni and Leggada bella. 
In other instances the natural hosts are not known; for 
example the rodent hosts of P.v.vinckei is not known since 
all isolates have been obtained from infected mosquitoes. 
Conversely where isolates have been obtained only from the 
vertebrate host, as with P.yoelii subspecies, the natural 
vector may not be known. Landau et al. 11970) suggested that 
comparisons should be made between parasites in the same 
host species and under similar experimental conditions. 
Under these conditions different workers may obtain 
comparable data. Having established standard conditions 
for the examination of parasites criticism can be made of 
the characters examined. Measurements of sporozoite 
lengths and oocyst diameters frequently show a continuous 
variation over a wide range. Bafort (1969) measured day 
14 oocysts of P.v.vinckei at 40 to 73 nn and sporozoites 
varying from 11 to 21 pm. When mean values are quoted, 
there may be large standard deviations or standard errors, 
Carter and Walliker (1975) measured the sporozoites of 
P.v.petteri at 16.2 pm (S.D. ± 2.2 pin) under these 
circumstances comparisons of measurements can only be 
tentative. 
Little is known of the variation in morphological 
characters within a subspecies. Descriptions of the 
sporogonic stages of P.y.yoelii, for example are based on 
70. 
measurements of a single line (17x), (Landau and Killick-
Kendrick, 1966). Similarly only a single line of 
P.vinckei was examined in the present work and may not 
be representative of all isolates of P.vinckei for Cameroun. 
A further problem is that many genetically determined 
factors may contribute to producing a single morphological 
character and therefore the contribution of an' single 
factor may be small (Lande, 1981). A single morphological 
character may thus conceal a considerable amount of genetic 
variation. 
4.2.2. Enzyme electrophoresis 
Genetic variation is produced in an organism by 
mutation and as cell proteins are gradually modified by 
mutation it is possible to assess how closely related 
organisms are by comparing the structure of their homologous 
proteins (Harris and Hopkinson, 1976). Many biochemical 
techniques are available to examine variation at the level 
of the gene or the gene products e.g. DNA hybridization, 
amino acid sequence or nucleotide sequencing. Variation in 
proteins have been shown to provide a good measure of 
genetic variation. In particular electrophoretic techniques 
have proved to be a sensitive method of detecting differences 
in otherwise identical molecules. Enzymes are particularly 
suitable for examination because they are easily identified 
by their substrate specificity. Electrophoretic data are 
also relatively easy to gather. Consequently this technique 
has been used extensively to investigate questions of 
evolution and systematics. 
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Some problems exist with the interpretation of 
electrophoretic data. Enzymes which have an identical 
electrophoretic mobility are not necessarily structurally 
identical. Certain amino acids substitutions may be 
neutral and therefore undetectable. Many studies have 
examined the ability of electropl-ioresis to detect 
variations in proteins. Perhaps the most frequently 
quoted is that of Harris and Hopkinson (1976) who estimated 
that only one third of amino acid substitutions result in 
an alteration of electrophoretic mobility. At the other 
extreme Kimura and Crow (1964) suggested that in practice 
electrophoresis detects all or nearly all substitutions 
(reviewed by Ramshaw et al., 1979; White, 1978). 
In the present work the Cameroun parasites were 
examined for variation in the four enzymes originally 
used to characterize rodent malaria subspecies (Carter, 
1978) GPI, PGD, LDH and GDH. In addition the enzyme ADA 
was examined for variation in each of the rodent malaria 
subspecies. In the following sections comparisons are 
made between the parasites of each locality. 
4.2.2.1 	Electrophoretic forms of ADA 
Examination of rodent malaria parasite lines for 
variation in ADA has demonstrated that this enzyme shows 
considerable polymorphism (Table 7). The four species 
of rodent Plasmodium may be distinguished by variation 
in ADA alone, thus providing further confirmation of the 
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separate identity of each species. ElectrophoretiC varia-
tion also occurs within each of the species which have a 
wide geographical distribution, i.e. Pyoelii, P.chabaudi 
and P.vinckei. In P.yoelii and P.vinckei this variation 
corresponds to the geographical distribution of these 
parasites. Thus, P.y.yoelii (ADA 2) and P.y.nigerienSis 
(ADA I) may be distinguished by their unique enzyme forms, 
similarly, P.v.vinckei (ADA 4) may be distinguished from 
each of the other subspecies of P.vinckei (ADA 5). The 
situation with regard to P.chabaudi is more complex. 
Among the 18 lines of P.c.chabaudi (C.A.R.) there are four 
allelic forms of ADA; ADA 6, ADA 7, ADA 8 and ADA 9. One 
of these (ADA 7) has a wide distribution throughout Africa 
and is found in both isolates of P.c.adanii, P.c.chabaudi 
and in the single Cameroun isolate. Despite the high 
level of polymorphism of ADA, the subspecies of P.chabaudi 
cannot be distinguished by this enzyme. 
4.2.2.2 	P. yoelii 
Table 7 shows the enzyme varfations of each line. 
Examination of the e izymes of the Càmeroun lines has shown 
them to be identical to each other and has confirmed the 
observation based on morphology that they are P.yoelii 
species. 
The lack of enzyme variation among the 22 isolates 
of P.y.yoelii (C.A.R.) and indeed the smaller numbers of 
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isolates from the other regions of Africa makes it 
difficult to speculate about the population structure 
from examination of allelic frequencies alone, although 
in studies such as that of Gibson et al. (1980) genetic homo-
geneity is evidence of closely related organisms. PGD 
and LDH are both invariant throughout the population. The 
variation observed in GPI, GDH and ADA corresponds to the 
geographical distribution of the parasites. The isolates 
of Congo (P.y.killicki) can be distinguished by their 
unique forms of GDH (GDH-2) and ADA (ADA-2). Both 
Cameroun isolates have an enzyme composition of GPI-I, 
PGD-4, LDH 1, GDH 4 and ADA 2. This is identical to 17 of 
the 22 isolates of P.y.yoelii (C.A.R.). 
Thus, using the markers available there is no variation 
in morphology- or enzymes between the Cameroun isolates and 
those of C.A.R. and they are therefore considered to belong 
to the subspecies P.y.yoelii. 
4.2.2.3 	P. chabaudi 
Table 7 shows the enzyme variants of each isolate of 
P.chabaudi. Examination of the enzymes of the single 
Cameroun isolate identified by morphology as P.chabaudi 
has confirmed this diagnosis. 
There is considerable variation among the enzymes 
of P.chabaudi. GDH is the only enzyme which is invariant 
throughout the population. The variation in GPI clearly 
distinguishes P.c.adami from the other isolates. The 
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remaining three enzymes are highly polymorphic. The Central 
African Republic is the only country from which there are 
sufficient isolates to draw conclusions about population 
structure by examination of allele frequency. Of the 22 
isolates from this region only 13 have proved to be mono-
morphic for each enzyme examined and have been characterized 
for all 5 enzymes. Among these there are four allelic 
forms of LDH, four forms of ADA and two common forms of 
PGD, there are therefore 32 possible combinations of these 
variants. Assuming that there is no linkage between 
the loci determining these enzymes one would expect to see 
each combination of these enzymes represented in the 
populations. Indeed, among the 13 isolates examined 10 
of these combinations of allelic forms were found. This 
result is consistent with random sampling of an interbreeding 
population. 
The single Cameroun isolate with its enzyme comple-
ment of GPI 4, PGD 2, LDH 5, GDH 5 and ADA 7, is identical 
to one of these C.A.R. isolates. Thus indicating that an 
interbreeding population may extend across C.A.R. and 
Cameroun although this conclusion could only be confirmed 
by examination of further samples from Cameroun and from 
intermediate areas. On this basis it would seem that 
there is little variation in morphology or in enzymes 
of Cameroun and C.A.R. parasites to justify a further 
division of P.chabaudi by creating a new subspecies in 
Came roun. 
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The relationship between these isolates and the two 
examples of P.c.adami remains unclear. The unique forms 
of GPI and LDH found in P.c.adami distinguish these 
parasites from the Cameroun isolate; however, they have 
PGD2 GDH5andADA7jncoon 
4.2.2.4 P. vinckei 
Examination of enzymes of the parasites classified by 
morphology as P.vinckei has confirmed this diagnosis. There 
is considerable enzyme variation among the five lines of 
P,vinckej derived from the Cameroun isolates (Table 7). 
Each differs in enzyme composition. GDH and ADA are 
invariant throughout the population while the other 
enzymes show variation. There are four forms of GPI, two 
of PGD and three of LDH. Among these enzymes there are 
three variants unique to Cameroun, GPI 12 and 13 and LDH 11. 
The mobility of GPI 12 and and LDH 11 on starch gel 
electrophoresis makes them clearly distinct from the other 
variants. GPI 13 is less easily distinguished; it migrates 
to a position between GPI 5 and GPI 6 but cannot be clearly 
recognized as either, so is considered here as a distinct 
new form. 
The Cameroun P.vinckei has similarities in enzyme 
composition with P.vinckei of other regions. Line EK has 
the enzyme forms GPI 5, PGD 5, L]DH 7, GDH 6 and ADA 5 which 
are identical to two of the five examples of P.v.pe -tteri. 
The enzyme variants PGD 5, LDH 7, GDH 6 and ADA 5 of line 
EK are also seen in three examples of P.v.lentum. Of the 
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other four lines of P.vinckei isolated in Cameroun ) lines 
EE, EG, EH and EP each possess an enzyme variant unique to 
Cameroun. Line EE, GPI 12; EH, GPI 13 and lines EG and EP 
LDH II, and can therefore be distinguished from isolates of 
other regions. However, among the other enzymes there are 
clear similarities between P.vinckei of Cameroun and those 
of other regions (Table 7). For example, line EH has 
four variants, PGD 5, LDH 7, GDH 6 and ADA 5 in common with 
examples of P.v.Pettri and P.v.lentuifl. Prior to examination 
of the Caineroun parasites there were unique enzymes which 
distinguished each subspecies of P.vinck. The Cameroun 
parasites in addition to being geographically intermediate 
between Nigeria,.C.A.R. and Congo have enzyme characteristics 
in common with each region. By the criteria already applied 
to the classification of rodent malaria parasites the 
discovery of enzyme variants unique to Cameroun would argue 
for the creation of a separate subspecies. However, the 
great variation among the Cameroun lines and close 
resemblance of individual lines to those from surrounding 
countries make it impossible to classify all the Cameroun 
P.vinckei as belonging to the same subspecies. It is 
difficult to see how this inconsistency can be accommodated 
within the existing classification of the rodent malariaS. 
This apparent contradiction in the classification of 
P.vinckei illustrates a disadvantage of the use of trinomial 
nomenclature in classifying rodent malaria parasites. As 
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further samples of parasites are isolated from the region 
between C.A.R., Cameroun and Congo, examination of enzyme 
forms may demonstrate the continuous variation of these 
organisms. The division of this continuum into discrete 
subspecies would undoubtedly give rise to further 
inconsistencies. A solution to this taxonomic problem 
would be to classify each organism at a species level and 
to further qualify this by stating the area of isolation. 
The Cameroun parasites would become P.yoelii (Cameroun), 
P.chabaudi (Cameroun) and P.vinckei (Cameroun). Such a 
classification recognizes that although the Canieroun 
parasites have unique features considerable variation may 
exist in parasites isolated from the same locality. 
The conclusions which can be drawn from this investi-
gation of electrophoretic variation among rodent malaria 
parasites are limited by: 
SmaU sample size. 
The limited number of areas from which 
isolates are available. 
C. The small number of loci examined. 
Each of these restrictions has been investigated with a 
view to obtaining further data about rodent malaria 
populations. Attempts to isolate further samples of 
rodent malaria parasites would require a major effort and 
have a rather uncertain outcome. As a part of the present 
work, in 1980, a field expedition was undertaken in an 
attempt to isolate further examples of rodent malaria 
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from Congo_BraZZavil3e. Previous examination of gallery 
forest near the village of N 2 ganga LingolO 15 Km. from 
Brazzaville, resulted in the isolation of examples of 
P. Voelii, P.chabaudi and P.vinckei, (Adam et al., 1966; 
Landau et al., 1968, 1970). 	However, this 
locality was reported to be recently degraded by farming 
activity (Killick_Kendrick, 1971; Killick-Kendrick, 
personal communication). Examination of this area 
confirmed this and extensive trapping produced very few 
rodents, none of those captured r(e known hosts of 	
" 
Plasmodium and none yfrré found to be infected. 
Attempts to examine variation in further enzymes met 
with only limited success. Carter (1971) in his original 
survey of 20 enzymes found that only 8 showed detectable 
activity in the blood forms and of these only four were 
sufficiently clear for routine examination, GPI, PGD, 
LIX-! and GDH. In the present work three further enzymes 
were examined PEP E, GOT and ADA although activity of 
each could be detected only ADA was sufficiently clear 
for use in a survey of the rodent malaria population. 
Adjusting the ionic conditions of the other two enzymes 
failed to improve their resolution on starch gel 
electrophoreSiS. Dr. A. Tait (recent personal communica-
tion) has demonstrated trace activity of a further three 
enzymes in P.chabaudi, Acetyl esterase, PGM and a peptidase, 
these are routinely used in examination of trypanosollies. 
79. 
There are, therefore, several enzymes which have 
been shown to have activity in the blood forms of 
rodent Plasmodium each of which has a poor or 
resolution on starch gel electrophoresis. Development 
of suitable electrophoretiC conditions is largely 
empirical, however, it can be anticipated that each of 
these enzymes could eventually be used in the routine 
analysis of rodent malaria parasites on starch gel, 
cellulose acetate polyacrylaflhide or some other form of 
electrophoresiS. 
Two systems are currently being developed in this 
laboratory which have great potential for use in 
characterizing rodent malaria populations, these are; 
Identification of parasite protein variation by 2-
dimensional electrophoresis. This technique has been 
used to examine about 100 variable proteins in 
Plasmodium falciparum (Tait, 1981). 
Characterization of antigenic variants as defined 
by monoclonal antibodies. McBride et.öi. 
(1982) have demonstrated antigenic variation in several 
isolates of P.falciparurn. 
Variation in enzymes has been used to distingUish 
rodent malaria parasites at a species level. In the 
present work comparison of isoenzyrnes has also 
demonstrated similarities and differences between rodent 
malaria subspecies. Whilst this has helped to clarify 
the evolutionary relationships between these groups 
it tells little about the current breeding structure 
of rodent malaria populations. In the following 
section the natural variation in enzymes has again 
been exploited and on this occasion provide stable 
markers in the analysis of genetic crosses between 
rodent malaria subspecies. The purpose of this being 
to determine if these geographically isolated groups 
have retained the capacity to interbreed. 
4.3 Hybridization Studies 
4.3.1 Interpretation of results 
In this section the outcome of a number of crosses 
between subspecies of rodent malaria parasites are 
discussed. In each of these crosses the parent lines 
were distinguished by at least two heritable characters, 
a selective drug resistance marker and isoenzymes. Where 
variation was observed in the growth characteristic.s of 
parent lines the drug resistance character was, where 
possible, introduced into the line considered to be less 
competitive, thereby affording this line a selective 
advantage following drug treatment of the mixed progeny 
of the cross. 
In the first instance the mixed products of each cross 
were examined for drug response and the enzyme forms 
present. Depending on the results obtained the cross was 
either examined further by cloning or analysis discontinued. 
Some points need to be considered in the interpretation of 
the analysis of the mixed products of a cross. These are: 
1. 	Parasites with a recombinant combination of characters 
are first indicated by the presence among the drug treated 
progeny of the cross of pyrimethamine resistant parasites 
characterized by enzyme forms of the sensitive parent line. 
However, an alternative explanation of the presence of 
these parasites is that the sensitive parent line has 
produced a drug resistant mutant which has subsequently 
been selected by drug pressure. For this reason it was 
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not considered satisfactory to rely solely on the analysis 
of the uncloned progeny of a cross to detect recombination. 
Recombination between enzyme markers is a more certain 
test of cross fertilization, this was examined by testing 
clones derived from the progeny of the cross. 
2. Failure to observe recombinant forms among the mixed 
products of a cross in which both parent lines had been 
successfully transmitted was quite common. When this 
happened the.mixed products of the cross were re-examined 
for drug responses and enzymes using new cryo -preserved 
material. Such a negative result could indicate 
That hybridization did not occur between parasite 
lines. 
Recombinant forms were selected against in the 
mosquito or rodent host. 
Gametes preferentially underwent self fertilization, 
any recombinantS formed being present in low 
proportions. 
The characters distinguishing the parent lines were 
linked. 
Only after alternatives B, C and D have been eliminated 
can failure of two lines to hybridize be considered the 
most likely explanation. 
Alternatives B and C effectively mean that recombinant 
forms may be present but in lower proportions than would 
be expected if fertilization is random and each class of 
meiotic product has an equal survival value. Under these 
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circumstances the ability to detect recombinant forms 
depends on the sensitivity of the electrophoretic techniques 
employed. Padua (1980) estimated the limits of resolution 
of starch gel electrophoresis by examining mixtures of two 
parasite lines which differed in their LDH types. By 
this means it was estimated that variants of LDH could 
only be detected if present in the proportion of 1 : 10 
or greater. Theoretically, the most favourable outcome 
of a cross produces a 3 : 1 ratio of parental : recombin- 
ant forms. Thus, the starch gel electrophoresis technique 
could be insensitive in detecting recombinants when the 
proportions of the progeny are distorted by selection or 
competition. 
In crosses where no recombinant forms could be detected 
among the uncloned progeny an alternative strategy of 
examining large numbers of clones was considered. However, 
this approach was found to be too time consuming to be 
used in the initial examination of crosses. 
Alternative D, that there is genetic linkage between 
the characters used to distinguish the parent lines and 
that for this reason these characters do not freely 
recombine is unlikely. Previous genetic crosses have demon-
strated recombination between each pair of characters used 
in this work (Beale et al., 1978; Knowles et al., 1981). 
Thus, possibility A that the parasite lines did not 
cross remains. However, failure to cross on one occasion 
under laboratory conditions does not mean that they will not 
cross on any occasion. In many instances in this work 
crosses were repeated several times. 
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4.3.2 	Inalysis of crosses 
Genetic crosses were conducted in the species of 
rodent malaria parasites P. yoelii, P. chabaudi and P. 
vinckei. 	In the following sections each species is con- 
sidered separately. 
4.3.2.1 	P. yoelii 
Examination of electrophoretic variation in P. yoelii 
has demonstrated that P.y.yoelii (C.A.R.) and P. yoelii 
(Can'roun) may form a single interbreeding population. 
However, the relationship between this group and the 
limited number of isolates of P.y. killicki (Congo) and 
P.y. nigeriensis (Nigeria) is less clear. The relation-
ship between the parasites of Nigeria and the Central 
African Republic was clarified by performing genetic 
crosses between isolates of P. yoelii from these regions. 
Oxbrow (1973) and Knowles et al. (1981) demonstrated that 
despite their geographical remoteness these parasites 
have the capacity to interbreed and produce viable hybrid 
progeny. In the present work hybridization has also been 
shown to be possible between parasites of Cameroun and 
C.A.R., Camerouri and Nigeria and Cameroun and Congo. 
Repeated attempts to demonstrate hybridization between 
lines from Congo and C.A.R. were unsuccessful. 	This 
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situation is illustrated in Figure 9 . 	Crosses performed 
between the subspecies of P. yoelii had a relatively low 
success rate, each successful cross being attempted several 
times before recombination was detected. 	Some of the 
difficulties experienced in performing these crosses may 
be due to the wide variation in growth characteristics of 
the various subspecies. When transmitting these lines 
independently through mosquitoes factors such as develop-
ment time of gametocytes or optimum temperature of trans-
mission could easily be compensated for. However, it was 
frequently more complex to resolve the conflicting require-
ments of two parent lines involved in a cross. For 
example in the single cross between P. yoelii subspecies 
in which recombinant parasites were not detected, there 
were clear differences in the growth characteristics of 
the parent lines P.y. killicki, line L and P.y. yoelii, 
line C. P.y. killicki grew slowly in C57 mice producing 
low numbers of gametocytes and poor infections in 
mosquitoes. In contrast, P.y. yoelii which has been used 
extensively in laboratory studies, develops well in 
mosquito and rodent hosts. Crosses between these two 
lines were attempted five times; on each occasion the 
pyrimethamine sensitive line, line C, was successfully 
transmitted through mosquitoes and enzymes of this line 
(GPI 2 and GDH 4) could be detected in the mixed products 
of the cross. On three occasions, however, the pyrimethamine 
FIGURE 9. 
Diagram showing the outcome of crosses between sub-
species of P.yoelii and P.chabaudi 
A solid line indicates that recombinant progeny were 
obtained from a cross between subspecies. 
A broken line indicates that a cross between subspecies 
was attempted but no recombinant progeny observed. 
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resistant parent line, line L, failed to transiriit through 
mosquitoes, enzymes of this line could not be detected 
among the mixed products of these crosses. Additional 
evidence that this pyrimethainine resistant line was not 
present in these three crosses was obtained by drug treat-
ment of the progeny, which eliminated all parasites. 
In the remaining two crosses each of the parent lines 
and the cross lines were successfully transmitted through 
mosquitoes. However, analysis of these crosses failed to 
demonstrate any parasites with a recombinant combination 
of parental characters. Pyrimethamine treatment of the 
mixed products of these crosses eliminated the enzyme 
forms corresponding to the pyrimethamine sensitive line 
(line C). This finding does not exclude the possibility 
that recombinant parasites were present among the mixed 
products of the cross but at a low level. The insensitivity 
of the electrophoretic techniques used may have prevented 
detection of recombinant forms. This possibility was 
examined in more detail in cross 1. 	It was anticipated 
that examination of sufficient clones isolated from this 
cross might reveal the presence of individual recombinant 
parasites. 	However, each of the 15 clones isolated from 
-the mixed products of this cross proved to be parental 
types. 
Recombinant parasites were detected in each of the 
remaining crosses involving subspecies of P.yoeli.i. This 
was achieved initially by examining the mixed progeny of 
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these crosses and then by isolation of a number of re-
cornbinant clones. 	In the cross between P.y. yoeIii and 
P. yoeIii (Cameroun) 8 clones were isolated, 4 of these 
were found to be parental and 4 recombinant (Table 10). 
In this cross the proportions of each class of progeny 
differed from the ratio expected assuming Mendelian in-
heritance of the genetic markers involved. There was an 
excess of the pyrimethamine sensitive parent type, line EL, 
and the pyrimethamine sensitive recombinant type. However, 
the proportions of progeny resulting from examination of 
only 8 clones cannot be regarded as statistically signi-
ficant. Similarly, in the cross between P.y. killicki and 
P. yoelii (Canroun) the proportions of progeny obtained 
do not agree with the expected ratio (Table 15). 	On this 
occasion there was an absence of clones of the parent line, 
line L, this may be explained by the differences in the 
growth characteristics of the parent lines. It is possible 
that competition and selection altered the proportions of 
the progeny of this cross and that cloning reflects this 
situation. 	An alternative explanation is that line L, 
although present in the mixed blood forms used for cloning, 
has a low viability in mice and is therefore less success-
ful than the other classes of progeny in establishing 
infections from a single parasite. 
In the cross between P.y. nigeriensis, line D and P. 
yoe lii (Came roun), line EL, examination of the comparative 
growth characteristics of the parent lines showed that 
line D was at a distinct selective advantage over line EL. 
This cross was attempted several times. Although both 
parent lines were successfully transmitted through mos-
quitoes on four occasions,examination of the mixed progeny 
provided evidence of recoinbination between parental 
characters in only one cross. 	Clones isolated from the 
mixed progeny of this successful cross confirmed the 
presence of recombinant progeny and also demonstrated the 
predominance of the D parent over the EL parent; Of the 
four parental clones isolated each had the characteristics 
of the Nigerian parent, line D. 
The uncloned progeny were treated with three levels 
of pyrimethamine. Recombination was detected at each drug 
level when the enzyme ADA was examined, however, for GPI 
and GDH,increases in the dose of pyrimethamine progressively 
eliminated the bands of activity corresponding to the 
sensitive parent types GPI 1 and GDH l(Table l. 	The 
reason for this pyrimethamine 'dose effect' is unclear. 
A possible explanation could be the presence of recombinant 
parasites with an intermediate level of resistance to 
pyrimethamine. This seems unlikely, however, since Morgan 
(1974) showed that the single step selection and inheritance 
of pyrimethamine resistance is consistent with a single 
mutation conferring a high level of resistance. Each of 
the clones derived from the mixed progeny of this cross 
was found to be either sensitive to 5 mg.kg . 
-1  pyri-
methamine or resistant to 30 mg.kg . 	in a standard drug 
test, and no parasites with an intermediate level of 
resistance were observed. 	A more likely explanation is 
that these results are due to a distortion of the numbers 
of progeny from those expected. 	It is possible that 
each class of recombinant progeny was not equally repre-
sented among the mixed products of the cross and that 
there were relatively few recombinant parasites character-
ized by pyrimethamine resistance and GPI 1 or GDH 1. When 
the pyrimethamine sensitive parent was eliminated by drug 
treatment of the mixed progeny of the cross the only sur-
viving parasites with the enzyme types of GPI 1 and GDH 1 
would be these relatively rare recombinant types. These 
parasites may be justwithin the limits of detection on 
starch gel electrophoresis. Under these circumstances 
small fluctuations in the relative proportions of progeny 
may produce readily detectable changes in the intensity of 
the band of enzyme activity corresponding to these recom-
binant parasites. 	 - 
A further cross between P.y. nigeriensis and P.y. 
killicki was attempted on 5 occasions. However, on each 
occasion analysis of the mixed progeny of each of these 
crosses failed to reveal enzyme activity corresponding to 
P.y. killicki. 	Analysis of this cross was discontinued. 
4.3.2.2 P.chabaudi 
Electrophoretic variation in the enzymes of P.chabaudi 
has provided some evidence that P.c.chabaudi (C.A.R.) 
and P.chabaudi (Cameroun) may belong to a single inter-
breeding population. However the relationship of this 
group to P.c.adami (Congo) was not clear from the enzyme 
data. In the present work hybridization has been shown 
to be possible between the P.chabaudi subspecies isolated 
from Cameroun and C.A.R., and between those from Cameroun 
and Congo. Repeated attempts to demonstrate hybridization 
between isolates from Congo and C.A.R. were unsuccessful. 
This situation is summarized in Figure 9. 
Crosses involving P.chabaudi had a high success rate 
as compared with P.yoelii, of the 10 crosses attempted, 
the parent and cross lines were successfully transmitted 
through mosquitoes on 8 occasions. Only one cross between 
subspecies failed to produce evidence of recombination, 
thát between P.c.chabaudi, line AS, and P.c.adami, line 
DS. This cross was carried out on three occasions. Each 
time the enzyme forms of both parent lines could be 
detected among the mixed progeny of the cross, however, 
treatment with pyrimethamine eliminated the enzyme forms 
of the sensitive parent. Thus indicating that genetic 
recombination had not taken place between these lines. 
In the remaining two crosses between subspecies of 
P.chabaudi examination of the mixed progeny provided 
evidence of recombination, these were investigated further 
by cloning: in the cross between P.c.adami, line DS and 
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P.chabaudi (Cameroun), line SF, eight clones were isolated. 
Five of these were found to be of one type, the P.c.adami 
parental type, while the remaining three were recombinant. 
There is probably no significance in the apparent pre-
dominance of one parent line over the other in this 
instance, as only a small number of clones were examined. 
In the cross between P.c.chabaudi, line AS, and 
P.chabaudi (Cameroun) examination of 29 clones demonstrated 
the presence of parental and recombinant parasites among 
the mixed progeny of the cross (Table 18); 	this cross 
is considered in more detail below. Thus it was estab-
lished that geographically distinct subspecies of 
P.chabaudi may interbreed. 
An attempt was made to establish if geographical 
separation of parasites has impaired their ability to 
freely interbreed. This was investigated by examining 
two crosses between P.chabaudi in detail by isolating 
a relatively large number of clones from each. One 
cross was between parasites isolated allopatrically in 
C.A.R. and Cameroun (AS/SF), the other was between 
parasites isolated syinpatrically in C.A.R. (AS/CS). 
If reproductive barriers exist between geographically 
distinct parasites this may be reflected in the•• 
proportions of parental and recombinant progeny 
obtained in each cross. In a cross between parasites 
isolated allopatrically cross fertilization of gametes 
may be at a disadvantage as compared with self fertiliz-
ation. If so, parental forms may predominate among 
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the progeny of the cross. Whereas in a cross between 
parasites isolated syinpatrically the proportions of 
recombinant parasites may be higher. 
Both crosses were examined for 3 genetic markers, 
response to pyrimethamine and the enzymes LDH and ADA. 
Assuming that these characters are unlinked and 
inherited in a Mendelian fashion there are eight 
possible classes of progeny arising from cross fertil-
ization of gametes, 2 phenotypically parental and 6 
recombinant types. Self fertilization of parental lines 
gives rise to an additional eight parental parasites in 
the mixed progeny. Theoretically this would result in 10 
parental and 6 recombinant parasites, a ratio of 10:6. 
The observed outcome of these crosses were as follows: 
In the cross between lines AS (C.A.R.) and CE (C.A.R.) 
53 clones were obtained in two separate cloning experi-
ments, the proportions of clones obtained on both 
occasions were similar (Table23). The numbers of parental: 
recombinant clones obtained were 14:39 or 1:2.8. In the 
cross between lines AS (C.A.R.) and EF (Cameroun) a total 
of 29 clones were obtained in two separate cloning 
experiments. In this cross there was variation in the 
proportions of clones obtained on each occasion (Table is). 
The numbers of parental:recombinant clones obtained were 
11:18 or 1:1.64. These results are based on examination 
of a limited number of clones in each case isolated 
from a single cross. Crosses performed between the 
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same parent lines on different occasions may produce 
different results (discussed in section 4.3.4). It is 
therefore impossible to draw firm conclusions based on 
a single experiment. However, the present data demon- 
strate a higher than predicted proportion of recombinant 
progeny in both crosses: The cross between lines AS and 
CB, demonstrates that a high level of recombination can 
occur between parasites isolated from the same geograph-
ical region. The high proportion of recombinant progeny 
observed in the cross between subspecies, lines AS and EF, 
demonstrates that there is no marked preference for self-
fertilization rather than cross fertilization of parental 
gametes. These crosses have produced no evidence for 
reproductive isolation of geographically distinct 
parasites. 
Similar results were obtained in a previous cross between 
rodent malaria subspecies. Knowles et al.(1981) examined 
37 clones derived from a cross between two subspecies of 
P.yoelii; P.y.nigerensis and P.y.yoelii, and observed a 
higher proportion of recombinant progeny than predicted. 
In the crosses between rodent malaria subspecies 
examined in some detail it appears that geographical 
separation of parasites has not impaired their capacity 
to interbreed. 
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4.3.2.3 	P. vinckei 
The high degree of enzyme polymorphism and wide dis-
tribution of P. vinckei makes this species potentially 
well suited for genetic studies. In particular it was 
anticipated that these studies would clarify the relation-
ship between parasites of Cameroun, Congo and C.A.R. 
However, difficulties in transmitting this parasite have 
been reported, Bafort (1971) with P.v. vinckei and Killick-
Kendrick (1971) with P.v. brucechwatti. 	Bafort 
(1969, 1971) made an extensive study of the optimum con-
ditions for mosquito transmission of P.v. vinckei (Rodham 
1952 strain) and demonstrated that this parasite could be 
adapted to produce regular high infections in A. stephensi 
which would readily re-infect rodents. 
Preliminary examination of mosquito transmission of 
the Cameroun P. vinckei indicated that there was likely to 
be unequal transmission of lines in a cross and that this 
might result in low numbers of recombinant parasites among 
the mixed progeny. To circumvent this a sensitive method 
for detecting recombinant parasites was developed which 
involved the use of two selective markers. It was reasoned 
that if the parent lines were each resistant to a different 
drug, then treating the mixed progeny of a cross with both 
drugs would eliminate the parental lines and the recombinant 
progeny sensitive to one or both drugs, leaving only the 
doubly resistant recombinant types. Theoretically this 
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selective technique would be capable of demonstrating 
the presence of recombinant parasites at extremely low 
levels. To this end drug resistance was developed in two 
lines of Cameroun P. vinckei, pyrimethamine resistance in 
line EP and chioroquine resistance in line EE. 	The 
development of a chloroquine resistant line of P. vinckei 
is considered to be noteworthy and is discussed at the 
end of this section. 
Mosquito transmission of lines EE and EP met with 
only occasional success. Although large numbers of gameto-
cytes were produced in a variety of rodent hosts these 
seldom produced infections in A. stephensi and on those 
occasions when mosquitoes became infected the resulting 
sporozoites frequently failed to infect rodents. Invest-
igation of several rodent hosts for gamete production, the 
day of infection on which infective gametes were produced 
and the optimum temperature (between 18 and 28°C) for 
development of sporogonic stages failed to bring about 
an improvement in the frequency of cyclical transmission. 
Five attempts were made to perform a cross between P. 
vinckei parasites derived from Cameroun isolates, lines EE 
and EP. However, none of these attempts succeeded in 
transmitting both parasite lines simultaneously; on each 
occasion one or both lines failed to transmit. Achieving 
a high frequency of successful mosquito transmissions was 
clearly a prerequisite for performing crosses between P. 
vinckei lines but this proved to be an intractable problem. 
It was considered to be impractical to pursue a genetic 
investigation of the population structure of P. vinckei 
until the factors governing the cyclical transmission of 
this species are better understood. 
Development of chloroquine resistance in two lines of 
P. vinckei 
Although there have been several reports of chioro-
quine resistance in P. berghei(Peters ..1970; Puri et al. ) 
1979), less work has been done with the other rodent 
malaria species. Stable resistance was developed in P. 
vinckei by Powers et al. (1969) and in P. chabaudi by 
Rosario (1976) using a continuous low pressure selection 
technique. 	In both cases resistance was produced in 
parasite lines already resistant to pynimethamine. 
Attempts to develop stable resistance in pyrimethamine 
sensitive lines were not successful. 
In the present work a line of P. vinckei (Cameroun) 
was required which was stably resistant to a level of 
chioroquine that makes it clearly distinguishable from 
the sensitive line, furthermore this resistance was re-
quired in a line which is sensitive to pyrimethamine. In 
view of the previous findings that chloroquine resistance 
97. 
can be more easily selected in a pyrimethamine resistant 
line a comparison of selection of resistance in pyrimethamine 
sensitive and resistant parasites was undertaken. 	These 
two lines had common origins, the pyrimethamine resistant 
line being derived from the sensitive line in a single 
step selection (Table 8). 	At the beginning of selection 
these lines were found to have an identical response to 
chloroquine, in a 4 day test both were found to tolerate 
3 mg.kg . 	but were eliminated by 4 mg.kg. 1 . 	In the 
following 15 blood passages under constant suppressive 
drug pressure the dose of chioroquine tolerated by these 
parasites was gradually increased to 10 mg.kg . 	at which 
point selection was discontinued. 	The pyrimethamine sen- 
sitive and resistant lines up to this level were found to 
have a similar response to chloroquine, the tolerated dose 
increasing equally in both lines during selection. The 
stability of the resistance character was also found to 
be identical in both lines. Resistance to 10 mg.kg. 1 
chloroquine was retained after 3 months cryo -preSerVatiOn 
followed by 15 consecutive blood passages in' the absence 
of drug pressure. 
This investigation was not pursued further here. 
However, the results obtained here seem to contradict earlier 
findings, that stable chioroquine resistance is most easily 
obtained in pyrimethamine resistant parasites. 	It is con- 
sidered that further investigation of these resistant lines 
of P. vinckei is warranted. 
MO 
4.3.2.4. Conclusions 
The present hybridization studies were restricted to 
P.yoelii and P.chabaudi. Where crosses were attempted 
between the parasites of the same regions in both species, 
similar results were obtained (Figure 9). In both species 
the Cameroun parasites could hybridize with those isolated 
from each of the surrounding regions: P.chabaudi (Cameroun) 
with parasites isolated in C.A.R. and Congo and P.yoelii 
with parasites isolated in C.A.R., Congo and Nigeria. In 
addition, Knowles et al. (1981) demonstrated that hybridization 
was possible between subspecies of P.yoelii isolated in C.A.R. 
and Nigeria. From these data it can be concluded that 
P.yoelii and P.chabaudi throughout their observed geographical 
range comprise populations of potentially interbreeding 
individuals. It is reasonable to assume that parasites of 
geographically intermediate areas may also interbreed: 
The capacity of geographically distinct parasites to inter-
breed may be maintained by genetic exchange between inter-
mediates. Whether such interbreeding occurs in nature 
cannot be determined at present as the distribution of 
parasites in the intervening areas are unknown. 
In this work no evidence was obtained for hybridiza-
tion between parasites of C.A.R. and Congo in either 
P.yoelii or P.chabaudi. It must be stressed that failure 
to obtain evidence of hybridization under laboratory con-
ditions is not proof of reproductive isolation of these 
subspecies. However, it is interesting to note that this 
pattern of interbreeding corresponds to variations in the 
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geography of this region Figure 10; the area lying between 
C.A.R. and Cameroun and Cameroun and Congo is predominantly 
primary and secondary forest. This has been shown to be a 
habitat of a rodent host of P.yoelii and P.chabaudi, 
T.rutilans (Killick-Kendrick, 1978). Whereas between the 
localities in C.A.R. and Congo the terrain is to the north 
the rain forest and swamp of the Congo basin and further 
south is the arid Bateke plateau. Killick-Kendrick 
(1978) suggested that "there are no notable faunal barriers 
between the localities in the C.A.R. and near Brazzaville". 
However the range of rodent and mosquito hosts and their 
distribution in this area are unknown. A possible inter-
pretation of the crossing results is that this region is 
in some way unsuitable for the hosts of P.yoelii and 
P.chabaudi and that the distribution of the parasite 
population is discontinuous and as a consequence gene 
flow is precluded or restricted to a point where hybridization 
between the subspecies of C.A.R. and Congo can no longer 
•occur. This proposal could only be tested by examination 
of further isolates from the intervening area. 
FIGURE 10. 	Map showing the distribution of rodent 
malaria parasites and geography of the 
intervening areas. 
This region is predominantly mixed tropical 
forest. 
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4.3.3 Factors affecting the outcome of crosses 
In the above description of the cross results, 
frequent reference has been made to the growth character-
istics of the various parasite lines, which may influence 
the outcome of crosses. This problem has been encountered 
by other workers, Walliker et al. (1973) analysed a cross 
involving two lines of P.y. yoelii which differed in two 
characteristics, GPI type and response to pyrimethamine. 
One line was characterized by GPI 1 and pyrimethamine 
resistance and the second, line C, was GPI 2 and pyri-
methamine sensitive. The characteristics of 71 clones 
isolated from the mixed progeny of this cross are shown 
in Table 25. 	The observed proportions of parental 
and recombinant parasites were found to be in good agree-
ment with the numbers expected from Mendelian inheritance 
of these characters. Morgan (1974) examined a cross, 
again, involving lines A and C, on this occasion a pyri-
methamine sensitive line A was employed and the pyri-
methamine resistance character was selected in line C. 
The blood forms of this resistant line were found to be 
more virulent than the sensitive parent form. The results 
of this cross differed from that of Walliker et al. (1973); 
among 40 clones isolated from the mixed products of this 
cross none had the characteristics of the pyrimethamine 
sensitive line, line A, there was also a lack of the 
sensitive recombinant types. This indicated that the 
TABLE 25.Clones derived from two crosses between lines A and C of P.y.yoelii 
Walliker et al. (1973) 
Line A 
GPI type 	 1 
Pyrimeth amine 
response 	 Resistant 
Observed 	 21 
clones 
Expected 	 3 
ratio 
Total number of clones...... 71 
Morgan (1974) 
Line A 
GPI type 	 1 
Pyrimethamine 	 Sensitive 
response 
Observed 	 0 
clones 
Expected 	 3 
ratio 
Total number of clones...... 40 
Recombinant forms 
	 Line C 
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increased virulence of line C may have placed it at a 
selective advantage over line A and as a consequence 
produced a distorted ratio of progeny from the cross. 
This demonstrates that differences in the growth 
characteristics of parasite lines involved in a cross 
can have an important influence on the outcome of the 
cross. 
The analysis of genetic crosses between rodent 
malaria parasites presents problems not encountered with 
free-living organisms. The growth characteristics of a 
parasite line depends on a complex interaction between 
host and parasite involving many genetic and non-genetic 
factors of both host and parasite. The nature of the 
factors determining, host susceptibility and growth 
characteristics of parasite lines are poorly understood 
but their effects can be observed during parasite develop-
ment. In a cross involving two parasite lines which 
differ in their . growth characteristics it can be anti-
cipated that the parent lines will retain their character- 
istic development following transmission through mosquitoes. 
Among the products of the cross ,however 1 the hybrid progeny 
in addition to being recombinant for enzyme and drug res-
ponse markers may also be recombinant for those genetic 
factors determining growth in the hosts. Competition and 
selection may act to alter the proportions of parent and 
recombinant progeny in the mosquito and rodent hosts. 
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The detailed analysis of a cross depends entirely 
on the ability to quantify the meiotic products and at 
present the only means of investigating these meiotic 
products is by examining a large number of clones derived 
from the mixed blood forms. The ability to analyse a 
cross therefore depends on how representative these 
clones are of the meiotic products of the cross. In the 
following section the factors which may affect the outcome 
of a cross are discussed. 
Gamete production: 	During the course of this work 
considerable variation was observed in the ability of the 
various subspecies of P. yoelii and P. chabaudi to produce 
infective gametocytes. When performing a cross between 
two different parasite lines it •was considered to be 
important that.there should be approximately equal contri-
bution of gametocytes from each parent line. This was 
achieved by examining the number and maturity of the 
gametocytes present in each line and adjusting the pro-
portions of blood of each parent to compensate for unequal 
gametocyte development. Having created conditions con-
ducive to producing the maximum number of cross fertiliz-
ation events further uncertainties exist about the fertil-
ity and viability of each line in mosquitoes. 
Fertilization of gametes: It is not known if in a 
cross between two distinct parasite lines fertilization 
of gametes occurs randomly or if there is selection at 
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this stage. It is impossible to determine if fertiliz-
ation is random by genetic methods alone since distortion 
of the proportions of progeny at this stage cannot be 
distinguished from selection and competition occurring 
in the subsequent stages. However, other techniques may 
be able to resolve this problem. It may be possible to 
label parent line gametes with different radioactive 
labels and then determining the number of zygotes resulting 
from self and cross fertilization of gametes by autoradio-
graphic techniques. 
3. 	Development in- mosquitoes: A. stephensi has been used 
in all genetic studies of rodent plasmodium.. However, 
this is not a natural vector of these parasites and in 
the present work it was seen that each parasite line does 
not develop equally well in this host. In a cross the 
number of oocysts produced by each line and the number 
of oocysts which produce infective sporozoites are 
important. As an oocyst represents a single fertilization, 
differences in parental lines at this stage may affect 
the proportions of parental and recombinant progeny. 
Only crosses in which approximately equal numbers of 
oocysts were obtained in both parent lines were examined 
in detail here where there was a large imbalance between 
parent lines, crosses usually failed to demonstrate re-
combinant parasites. 	Other characteristics of a parasite 
line may affect the outcome of a cross, the rate of 
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maturation of oocysts, migration of sporozoites to the 
salivary glands and the period of peak infectivity may 
vary between subspecies. Infecting a rodent with sporo-
zoites present in the salivary glands at different times 
may provide a different outcome to a cross. This was not 
investigated in the present work but should be considered 
in the detailed analysis of a cross. 
Liver forms: The time taken to produce mature exo-
erythrocytic schizonts and the number of merozoites pro-
duced varies considerably between rodent malaria species. 
However, variation between subspecies (Landau and Boulard, 
1978) does not appear to be great enough to have a pronounced 
effect on the relative proportions of blood forms. 
Blood forms: Competition and selection has been shown 
to occur among parasite lines in mixed infections of 
blood forms (Padua, 1980; Rosario, 1976). The growth 
characteristics of certain parasite lines involved in 
crosses reported here showed considerable variation for 
example, P. yoelii (Cameroun) is restricted to invading 
reticulocytes and produces a mild infection in C57 mice. 
In contrast, P.y. nigeriensis is virulent and can invade 
mature erythrocytes and reticulocytes.. In a mixed blood 
infection of these parasite lines P.y. nigeriensis would 
rapidly predominate. Precautions were taken to minimize 
competition between the mixed progeny in crosses involving 
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these and other lines. The sporozoite induced products 
of crosses were cryo-preserved as soon as they became 
patent and efforts were made to analyse the products of 
crosses for drug response and enzymes in blood infections 
obtained from sporozoites or recently established from 
cryo-preserved material. 
6. 	Cloning: An assumption underlying the cloning 
technique is that each parasite line is equally capable 
of establishing an infection in mice from a single para-
site. Evidence that this is not the case is largely 
anecdotall, however, some additional support was obtained 
in this work  when cloning the parent lines for use in 
crosses. For example, differences were found in the ease 
with which P. chabaudi (Cameroun), line EF, and P.c. 
chabaudi, line AS,could be cloned. This may reflect the 
adaptation of these lines to laboratory mice. The AS 
line has been extensively used in the laboratory and was 
cloned easily whereas line EF has been relatively little 
used and was only cloned after repeated attempts. Cloning 
the mixed blood forms resulting from a cross may distort 
the relative numbers of progeny, particularly where 
parent lines with widely differing growth characteristics 
in mice are involved. This potential source of error was 
not examined in the present work but may prove to be an 
important factor in the detailed analysis of crosses. 
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5. GENERAL DISCUSSION 
The object of this work was to examine the structure 
of rodent malaria parasite populations. This was achieved 
principally by examining the relationship between sub-
species of these parasites. Two approaches were taken, 
firstly, examining phenotypic characters, morphology and 
isoenzymes, in existing and in newly obtained isolates. 
Secondly, by conducting genetic crosses between subspecies. 
In this concluding section the population structure of the 
rodent malaria species is examined and the implications of 
these findings are considered. 
In an investigation of new phenotypic characters 
three enzymes were examined for activity in the blood forms 
of parasites on starch gel electrophoresis. One enzyme, 
ADA, was identified which was suitable for-routine exam-
ination. Investigation of a large number of isolates 
representing the four parasite species showed that there 
is allelic variation at three levels, in the species, sub-
species and among individual parasite lines. Each species 
could be identified by a single or limited number of 
variants of ADA. This finding confirms the separate 
identity of each species and demonstrates a further 
characteristic difference in P. yoelii and P. berghei to 
support their classification as distinct species. Enzyme 
polymorphism was detected in each of the species which 
have a wide geographical distribution, P. yoelii, P. 
chabaudi and P. vinckei. In some instances this variation 
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corresponds to the geographical distribution of these 
parasites; certain of the subspecies of P. voelii, P. 
chabaudi and P. vinckei can be distinguished by ADA alone. 
This supports the present taxonomic classification of 
these geographically distinct parasites as subspecies. 
There was also variation in the enzyme forms of individual 
parasite lines within subspecies. In P.c. chabaudi the 
distribution of allelic forms of ADA among parasite lines 
provided further evidence for random interbreeding among 
individual parasites of this subspecies. 
Examination of variation in ADA has confirmed the 
findings of Carter (1978) that each rodent malaria species 
and subspecies may be recognized by a unique set of enzyme 
variants. In addition variation in ADA has provided a 
valuable new genetically stable marker for use in hybrid-
ization studies. 
Six new isolates of rodent malaria parasites were 
obtained from Cameroun. These parasites were of interest 
because of their geographical origin, intermediate between 
the previously surveyed regions. These parasites were 
isolated from rodents captured in forest in two locations 
in Cameroun (Bafort, 1977). Five rodents identified as 
T. rutilans were infected with P. vinckei or a mixture of 
P. vinckei and P. yoelii, the sixth was identified as Hylo-
myscus species and harboured P. chabaudi. This is the 
first report of malaria parasites infecting this rodent 
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species and indicates a wider hostal range than had pre-
viously been identified in this part of Africa. Nothing 
is known of the invertebrate hosts of these parasites. 
Among the six isolates there were two examples of P. 
yoelii, one of P. chabaudi and five of P. vinckei. This 
provides evidence of the wide distribution of these 
species in Central Africa. Detailed examination of the 
morphological, and growth characteristics of cloned 
examples of each species of Cameroun parasites showed no 
notable differences in the erythrocytic or sporogonic 
stages of these parasites to distinguish them from other 
subspecies. However, the sporogonic stages of P. vinckei 
should be more thoroughly investigated. Measurements of 
sporozoites are based on a single mosquito transmission 
of this parasite and no measurements of oocyst diameters 
were obtained. Morphology was found to be of limited use 
in distinguishing rodent malaria subspecies. 
Examination of isoenzymes of cloned lines of each 
of the Cameroun isolates proved to be interesting. The 
single example of P. chabaudi and two examples of P. yoelii 
from Cameroun showed a close relationship to the parasites 
of C.A.R. suggesting that these parasites belong to a single 
interbreeding population. There were no grounds other than 
geographical for classifying the Cameroun parasites as a 
separate subspecies from the parasites of C.A. R. Under 
the present taxonornic system these geographically distinct 
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parasites can be classified as P.y.yoelii and P.c. 
chabaudi. The situation for P.vinckei was more complex. 
Whilst there was considerable enzyme variation among the 
individual Cameroun lines each line showed marked similar-
ities with parasites of surrounding regions. The diversity 
of the enzymes of the Cameroun P.vinckei presents a 
taxonomic problem. To classify each line as belonging 
to a single subspecies conflicts with Garnhams(1973) de-
finition, discussed earlier, that a subspecies is comprised 
of allopatric populations of organisms with clearly defin-
able, structural and/or biochemical features. A solution 
to this taxonomic problem was proposed which would satisfy 
this and other possible anomalies created by the associa-
tion of a subspecific name with geographically distinct 
parasites: each parasite could be named at a specific 
level and also with the place of isolation. This form of 
nomenclature was adopted for the Cameroun parasites 
throughout the present work but is clearly incompatible 
with the trinomial nomenclature of the existing subspecies. 
This taxonomic problem remains to be resolved. 
Electrophoretic variation in enzymes has been used 
extensively as a measure of the relationship between 
malaria parasites (Carter, 1978; Walliker, 1982; 
Lainson, 1983). It has been observed in numerous organ-
isms that proteins vary in their propensity to polymorph-
ism (Selander, 1976). In rodent malaria parasites there 
is considerable variation in the level of polymorphism of 
each enzyme, there are also differences in the levels 
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observed in each species (Table 7 ). Before the signifi-
cance of this variation can be assessed the ways in which 
polymorphisms arise and are maintained in populations 
should be considered. There are two min schools of 
thought. Briefly; the neutralist view is that the majority 
of genetic variation has no significance for the survival of 
organisms and the selectionist, that the majority of 
polymorphism is maintained by natural selection (for 
review see Lewontin, 1974). Both mechanisms are likely 
the 
to contribute to/maintenance of polymorphism in a pop- 
ulation although the relative importance of each may vary 
depending on the organism in question. There are likely 
to be pronounced differences in selective forces between 
free living and parasitic organisms. The continuous inter-
action between host and parasite may affect the way in 
which polymorphisms develop. Clarke (1976) argued that 
this interaction between host and parasite plays an 
important perhaps even a dominant role in maintaining 
protein polymorphism. The close relationship between an 
intracellular parasite and its host may be expected to 
exemplify this interaction. 
The interaction between P.falciparurn and its human 
host has been extensively examined. A range of genetic 
adaptations have been observed in exposed human popula-
tions which affect their susceptibility to malaria. 
Several polymorphisms have been identified which affect 
the interaction of malaria parasites with red blood cells, 
for example, haemoglobin S,C and F, and Glucose-6-phosphate 
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dehydrogenase deficiency (reviewed by Pasvol and Wilson, 
1982; see also Luzzatto, 1974). From comparison of 
affected and non-affected host populations it is clear 
that over time selective pressures imposed by malaria 
parasites may produce genetic adaptations in host 
populations. 	It is, however, more difficult to deter- 
mine how selective pressures which can be attributed to 
the host may produce variation in parasites. It is 
difficult to assess to what degree co-adaptation may 
produce variation between and within rodent malaria 
subspecies. Wide variations were observed in the growth 
characteristics of the subspecies of P.yoelii in labora-
tory hosts, i.e. C57 mouse and Anopheles stephensi. 
Although the adaptive significance of the variation in 
natural populations is not known this may provide evidence 
for regional adaptations of host and parasite. 	This 
possibility could, in theory, be tested by introducing 
parasites isolated from one region of Africa into the 
hosts of another region and by examining the growth 
characteristics and adaptations of these parasites to 
their new hosts. However, a study of the degree of 
susceptibility of different hosts to rodent malaria 
parasites would be technically difficult to achieve and 
the results difficult to interpret. 
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Co-adaptation of host and parasite has been identi-
fied as a potential source of protein polymorphism. 
However, the range of hosts of rodent malaria parasites 
are unknown. A variety of hosts provides a heterogeneous 
environment for parasites. Each host constitutes a 
sharply defined ecological niche. Hedrick et al.(1976) 
reviewed some theoretical and experimental evidence 
indicating that environmental heterogeneity may be a 
major factor in maintaining genetic variation; most 
rodent malaria subspecies are represented by only a few 
isolates only two subspecies provide sufficient 
isolates to draw conclusions about population structure, 
P.y.yoelii and P.c.chabaudi isolated syinpatrically in 
C.A.R. 	Although these distinct species have the same 
rodent host, T.rutilans, there are marked differences 
in their levels of polymorphism; P.yoelii is genetically 
homogeneous, P.chabaudi is highly polymorphic. Both of 
these species show similarities to their counterparts 
in Cameroun, in the present work it was suggested that 	- - 
these parasites may form a single interbreeding popula- 
tion. It is therefore considered to be significant 
that the single example of P.chabaudi obtained from 
Cameroun was isolated from a rodent of Hylomyscus sp., 
thus demonstrating a wider hostal range than had 
previously been observed. It is possible to speculate 
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that this hostal diversity is responsible for the high 
levels of polymorphism observed in P.chabaudi. 
However, this could only be verified by examination 
of large numbers of isolates from Cameroun, C.A.R. and 
the intervening area. 
An environment fragmented into multiple habitats 
may provide an opportunity for establishing and 
maintaining mutations within a local population. 
Mutations which result in adaptation to specific 
hosts may produce non-random interbreeding and 
eventually lead to sympatric speciation (Bush, 
1975). 
There is considerable evidence that the inter-
action between host and parasite is an important 
factor influencing protein polymorphism. It is there-
fore considered to be important that the range of 
hosts of rodent malaria parasites are identified in 
studies of enzyme polymorphism in these species. 
A major part of the present work was concerned 
with attempting genetic crosses between rodent malaria 
sub-species. 	It was hoped to establish if para- 
sites originally classified as distinct subspecies 
on phenotypic criteria were capable of inter-
breeding and thus clarify the infra-specific 
relationships of these parasites. 	Failure to 
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achieve regular mosquito transmission of P. vinckei meant 
that the present studies were restricted to P. yoelii and 
P. chabaudi. The pattern of breeding affinities and in-
compatabilities observed in these species are most clearly 
illustrated diagrarnatically (see Figure 9) 
Similar results were obtained for P. yoelii and P. 
chabaudi: The ability of the geographically intermediate 
Cameroun parasites to hybridize with those of surrounding 
regions demonstrates that P. yoelii and P. chabaudi com-
prise populations of potentially interbreeding individuals. 
These populations therefore conform to Mayr's (1963) de-
finition of species, discussed earlier. An important 
conclusion that can be drawn from these hybridization 
studies is that P. yoe1ii and P. chabaudi are both correctly 
classified as species. 
These hybridization studies have shown that P. yoelii 
of Cameroun can interbreed with parasites of C.A.R. Congo and 
Nigeria. Oxbrow (1973) and Knowles et al. (1981) demon-
strated that hybridization is also possible between P. 
yoelii of C.A.R. and Nigeria. Since these geographically 
distinct parasites are capable of interbreeding it is 
reasonable to assune that parasites in the intervening area 
may also interbreed. It would seem therefore that P. yoelii 
in this area forms a single interbreeding population. 
Where hybridization has been observed between sub-
species there is little difficulty in interpreting the 
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results; however, where subspecies failto hybridize it 
is difficult to assess the influence this should have on 
the taxonomy of these groups. Failure to demonstrate 
hybridization between parasites of C.A.R. and Congo in 
both P. yoe lii and P. chabaudi may simply be due to the 
insensitivity of the techniques used to reveal recombinant 
progeny. 	If so, further hybridization studies may demon- 
strate the ability of these parasites to interbreed. This 
negative result may however indicate that the parasites 
of C.A.R. and Congo are reproductively isolated, although 
both P. yoelii and P. chabaudi can hybridize with the geo-
graphically intermediate Cameroun parasites. 	A possible 
interpretation of the results of these crossing experiments 
is that the capacity of these parasites to hybridize ex-
hibits a clinal type of variation over a geographical range. 
The relationship between their capacity to interbreed and 
the geography of the intervening area was discussed earlier. 
The lintited data available makeL it difficult to 
speculate about the population structure of rodent malaria 
parasites. Nothing is known of the distribution of P. 
yoelii and P. chabaudi other than in the regions examined 
here. It is unknown if these populations are continuous 
or discontinuous in the intervening areas and therefore if 
the capacity of these subspecies to interbreed is maintained 
by gene flow between groups or represents a former association. 
Each subspecies has undergone some degree of differentiation 
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due to geographical separation. By the same criteria 
as was used to classify geographically distinct parasites 
as subspecies it is possible to recognise each subspecies 
as an incipient species. 	Mayr (1970) expressed a widely 
held view that in the majority of cases geographical separ- 
ation of organisms is the major force influencing speciation. 
Gene flow can be seen as keeping adjacent populations 
similar to each other and countering the tendency of 
populations to adapt to their local environments. 	In 
rodent malaria parasites little is known of the factors in- 
fluencing the speciation process; 	on one hand the local 
selective pressures producing divergence, on the other hand, 
gene flow between adjacent populations. This is determined 
by the distribution of suitable hosts however the range of 
vertebrate and invertebrate hosts are unknown (see Killick-
Kendrick, 1978). It follows that the movement of parasites 
between adjacent populations is unknown. In free-living 
organisms the concept of vagility describes the geographical 
distance between where an individual is born and where it 
meets a mate, or more precisely, gives rise to a new zygote. 
The vagility of rodent malaria parasites is clearly of 
importance when discussing speciation since it describes 
the rate of gene flow, or number of parasite generations 
separating adjacent populations. Our knowledge of the 
factors governing dispersal of rodent malaria parasites is 
such that the effect of vagility on the differentiation of 
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parasites is difficult to assess. 
It was considered that the relationship between geo-
graphical separation of parasites and their ability to 
interbreed may lend itself to genetical investigation. 
If reproductive isolation of allopatric populations occurs 
by degrees, or clinally, as was indicated earlier, then 
the degree of isolation may be determined experimentally: - 
In a cross between geographically distinct parasites self 
fertilization of parental gametes may be more favourable 
than cross fertilization. 	Parental forms may predominate 
among the progeny of the cross. Whereas in a cross between 
sympatrically isolated (but genetically distinct) parasites 
the proportion of recombinant progeny may be higher. 
This hypothesis was tested by examining two crosses 
between lines of P. chabaudi in detail. One cross was bet-
ween parasites isolated allopatrically from C.A.R. and 
Canroun, the other was between parasites isolated syxnpatrically 
in C.A.R. Practical considerations limited the size of 
these experiments the number of clones obtained were 53 in 
the cross between sympatrically isolated parasite and 29 in 
the cross between allopatrically isolated parasites. In 
each case these clones were derived from a single cross. 
In both of these crosses the numbers of recombinant progeny 
obtained were greater than would be expected from random 
fertilization of gametes. There was therefore no evidence 
for reproductive isolation of these geographically distinct 
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parasites. This result gives support to the observations 
based on examination of morphology and isoenzymes that 
P.chabaudi of C.A.R. and Cameroun comprise a single 
large interbreeding population. 
Ideally each of the crosses attempted between the 
subspecies of P.yoelii andP.chabaudi should be analyzed 
in detail in order to determine if there are quantitative 
differences in the ability of the various subspecies 
to interbreed. However, this was impractical in the 
present study because of the scale of the experiments 
required to provide sufficient data. 
The present hybridization studies have demonstrated 
that despite geographical separation and associated 
genetic differentiation, certain subspecies of P.yoelii 
and P.chabaudi have the capacity to interbreed. Results 
obtained from experiments with rodent malaria parasites 
cannot be freely extrapolated to the human malarias. 
However, from comparison of enzyme polymorphism in 
rOdent malaria parasites tentative conclusions can be 
drawn about the breeding structure of P.falciparum 
populations (Walliker, 1982). Examination of a large 
number of isolates from African countries (Carter and 
Voller, 1973, 1975; Carter and McGregor, 1973; 
Sanderson et al., 1981) and from Thailand (Thaithong 
et al., 1981) for variation in six enzymes has demon-
strated that there is little variation in allelic 
frequencies to distinguish these geographically distinct 
parasites. Enzyme polymorphism among these parasites 
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is less marked than between some subspecies of rodent 
malaria parasites which have been shown here to be 
capable of interbreeding. This genetic uniformity 
suggests that P.falciparul!1 throughout its observed geo-
graphical range comprises a population of potentially 
interbreeding individuals. This has important implica-
tions for the epidemiology of the disease; once 
established, a mutation conferring a selective advantage 
to a parasite may spread. Genetically stable characters 
such as resistance to antimalarial drugs or the capacity 
to evade a particular, as yet only proposed, vaccine may 
become established in a population by genetic exchange 
between parasites of adjacent regions. The spread of 
such characters may, in theory, be limited only by the 
size of the interbreeding population in which the 
mutation arose. However, the apparent genetic uniformity 
of P.falciparUfll may simply reflect the small number of 
loci examined. Several other techniques have also 
demonstrated variation at the molecular level: There 
is considerable antigeflic diversity in P.falcip .arum. 
The soluble S antigen present in the serum of patients 
infected with P.falciparum show strain specificity and 
might provide suitable markers for serotyping parasites 
(Wilson, 1980). A number of monoclonal antibodies 
against f alciparum have shown antigeflic diversity 
in this species and can be used to distinguish certain 
strains. However, no clear regional differences have 
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been observed in these characters (McBride et al., 1982). 
Variation has also been observed in the patterns of 
restriction digests of repetitive DNA (Goman et al.' 1982) 
and rRNA (Vezza and Trager, 1982) of P.falciparum. 
However, only a small number of isolates have been 
characterized by these techniques. In a'preliminary 
study; Tait (1981) examined two Gambian and five South 
East Asian isolates for variation in 35 proteins, these 
were characterized for their iso-electric point and 
molecular weight by two-dimensional electrophoresis 
using the technique of O'Farrell (1975). Twenty one 
of these proteins were found to be invariant, thus 
indicating a certain genetic homogeneity among these 
isolates. Fourteen proteins showed allelic variation 
in individual parasites in local populations and also 
differences in allelic frequency in geographically 
distinct populations. It appears that geographical 
separation has produced some degree of genetic 
differentiation in P.falciparum, whether this represents 
reproductive isolation was not resolved in this limited 
study. Characterization of further isolates using 
this technique has been undertaken in this laboratory 
(A. Walker, unpublished data). Final confirmation of 
tht breeding structure of P.falciparmn populations will 
ideally come from hybridization studies with this 
species. Until this is practicable rodent malaria 
parasites provide the only system in which the genetics 
of malaria parasites can be studied. 
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At the completion of the present studies it is 
recognized that our understanding of the intra..-specific 
relationships of rodent malaria parasites is incomplete 
and that further characterization of these populations 
should be undertaken. In previous electrophoretic 
studies the number of proteins examined has been 
restricted to enzymes which show detectable activity 
in the parasite. The recent developments of two-
dimensional electrophoresis now provide' a technique 
for examining variation in a relatively large number of 
proteins. A survey of rodent malaria parasites may 
demonstrate additional variation among existing isolates 
and would provide parallel studies to those in 
P.falciparuin. 	At present the interpretation of 
electrophoretic data is also limited by the number of 
isolates available, most rodent malaria subspecies being 
represented by between one and five isolates. Under 
these circumstances estimation of the geographical 
distribution of allelic frequencies is uncertain. 
Future surveys of existing and new localities in Africa 
may provide further isolates and additional information 
about the range of rodent host and vectors of each 
species. 
The present hybridization studies of genetically 
defined rodent malaria parasites have helped to 
clarify the relationships between these organisms. It 
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is hoped that this will contribute to a greater under-
standing of the significance of genetic variation in 
P.falciparum and help to provide a rationale for the 
application of limited resources in the fight against 
this important human disease. 
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SUMMARY 
Six samples of rodent blood infected with malaria parasites were 
isolated from Cameroon. Of these, 2 contained mixed infections of 
Plasmodium vinckei and P. yoelii, 3 contained P. vinckei alone and 1 
P. chabaudi alone. Each isolate was clOned and the resulting lines exam med 
for morphology of blood and mosquito forms, and for electrophoretic 
variation in enzymes. The P. chabaudi and P. yoelii lines were morpho-
logically and enzymically identical to isolates of the Central African 
Republic. Similarly, 1 P. vinc/cei line was identical to an isolate of the 
Central African Republi. The remaining 4 P. vinckei lins showed 
considerable variation, some enzymes being like those in isolates of 
surrounding regions, while others were unique to Cameroon. 
INTRODUCTION 
Rodent malaria parasites have been isolated from thicket rats or mosquitoes in 
four African countries, the Central African Republic (C.A..R.), Nigeria, Congo and 
Zaire. Variation in morphological features and isoenzymes of blood forms has 
demonstrated that 4 species exist, Plasmodium berghei, P. yoelii, P. chabaudi and 
P. vinckei. Regional variation also occurs among parasites of the same species. 
Differences in morphology, growth characteristics and enzyme types have been 
considered sufficient to assign a sub-specific name to parasites from each region 
(Killick-Kendrick, 1978). 
Isolates of rodent malaria parasites from Cameroon have been made available to 
this laboratory with the kind assistance of Dr J. M. Bafort and Professor M. Wery. 
These were isolated from rodents (Bafort, 1977) in a region which lies almost 
equidistant from the previously surveyed regions in the CAR., Nigeria and Congo. 
In this paper the characteristics of the Cameroon parasites are described and their 
relationships to parasites from surrounding regions are discussed. 
MATERIALS AND METHODS 
Parasite material 
Bafort (1977) described malaria parasites in Thamnomys sp. and Hylomyscus sp. 
in two locations in Cameroon. Each isolate was described as containing 
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'P. berghei-like' or 'P. vinckei-like' parasites. Six deep-frozen stabilates of these 
parasites were sent to this laboratory from Antwerp by Professor M. Wery in 1977 
and each was established in Edinburgh in laboratory mice. 
Maintenance of parasites 
Blood stages 
Four to six-week-old C57 black mice were used for routine passage of parasites 
and for preparation of parasites for enzyme electrophoresis. Three to four-week-old 
splenectomized white rats were used as a host for P. chabaudi to promote 
gametocyte development prior to mosquito transmission (Macleod & Brown, 1976). 
Cloning was by intraperitoneal or intravenous inoculation of aniäxerage of 05 
parasites into each of 20 mice. Assuming that each parasite injected gives rise to 
a patent infection it can be predicted from the Poisson distribution that approxi-
mately 40 % of mice will become infected and that, of these, approximately 75 % 
will contain infections derived from a single parasite. 
Blood forms were examined in thin blood smears stained with Giemsa's stain 
buffered at pH 72. 
Mosquito stages 
Sporogonic stages were examined in Anopheles stephensi maintained in 
12 h/12 h, light-dark cycles at 24-26°C and 80% relative humidity. Mosquito 
infections were achieved by allowing 1-week-old mosquitoes to ingest blood from 
an infected rodent. Mosquito mid-guts and salivary glands were dissected into 
Grace's insect tissue-culture medium (Gibco Cat. no. 350-1590). Mature oocysts 
were measured directly from freshly dissected mosquito midguts using a calibrated 
microscope eyepiece. The midgut preparation was covered with a cover-slip 
supported at its corners to prevent distortion of ooeysts. Sporozoites from mature 
rupturing oocysts were fixed and stained with Giemsa's stain, then drawn to scale 
using a camera lucida and microscope. Sporozoites were measured with a map 
measurer, and their lengths calculated with reference to a calibrated scale. The 
mean sporozoite lengths and ooeyst diameters + or - one standard deviation are 
presented. 
The development time of liver forms of the parasite was estimated from the 
interval between a single injection of sporozoites and appearance of blood forms. 
These were detected by sub-inoculation of blood samples from the sporozoite-
infected mouse into uninfected mice at timed intervals. 
Enzyme electrophoresis 
Variation in the electrophoretic mobility of the enzymes of blood forms of the 
parasite were examined by starch gel electrophoresis using the methods of Carter 
(1978). The enzymes examined were glucose phosphate isomerase (GPI), 6-
phosphogluconate dchydrogenasc (PGD), lactate dehydrogenase (LDH) and 
NADP-dependent glutamate dehydrogenase (GDH). 
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Table 1. Parasite lines derived from Cameroon isolates 
Parasite 
Date of Host species 
isolate isolation species present Line 
Biboto 18 Aug. 1973 Thamnomys sp. P. vinckei EE 
Biboto 37 Aug. 1973 Jlylomyscus sp. P. chabaudi EF 
Esekam I March 1974 Thamnornys sp. P. vinckei EG 
Esekam II March 1974 Thamnoniys sp. P. vinckei EH 
P. yoelii EJ 
Esekam III March 1974 Thamnomys sp. P. vinckei EK 
Esekam IV March 1974 Thamnornys sp. P. yoelii EL 
P. vinckei EP 
RESULTS 
Preliminary morphological examination of the blood forms of the Cameroon 
isolates showed that 3 types of parasite were present. One possessed a preference 
for immature erythrocytes, and from its morphology it was provisionally identified 
as P. berghei or P. yoelii. Enzyme electrophoresis subsequently showed it to be 
P. yoelii. The other 2 types of parasite were identified as P. vinckei and P. chabaudi. 
Both inhabited mature erythrocytes and each species could be distinguished by its 
morphology. These identifications were confirmed by examination of the enzyme 
forms of the parasites. 
Of the 6 isolates, 2 were found to contain mixed infections of P. vinckei and 
P. yoelii, 3 contained P. vinckei alone and 1 P. chabaudi alone. Details of these 
isolates and the species found in each are shown in Table 1. Each isolate was 
cloned to produce lines containing genetically pure parasites. The characteristics 
of each species were as follows. 
P. yoelii (lines EJ and EL) 
Blood stages 
This parasite gave rise to an asynchronous infection in immature mouse 
erythrocytes. Parasitaemias rose to 80% by day 12 but were not usually lethal. 
Blood forms were morphologically indistinguishable from those ofF. yoelii isolated 
in the Central African Republic (Killick-Kendrick, 1974). 
Sporogonic stages 
These were examined only in line EL. Mature oocysts achieved an average 
diameter of 63 ± 44 ,um on day 14. Large numbers of oocysts were found, mosquito 
guts frequently containing 100 or more. Sporozoites were first seen in the salivary 
glands on day 11; on days.13 and 14 the average length of 130 sporozoites was 
152±21 ,um. Development time of sporozoites in the liver was estimated to be 
47-48 h. 
Enzyme analysis 
Lines EJ and EL were identical for each enzyme examined. The enzyme forms 
found were GPI-1, PGD-4, LDH-1 and GDH-4. These forms are also seen in 
P.y. yoelii of the Central African Republic (Carter (1978) and Table 2). 
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Table 2. Enzyme forms of Plasmodium yoelii 
Number 
of 
GPI PGD LDH GDH Ii nes * 
P.Y. yoelii C.A.R. 1 4 1 4 17 
2 4 1 4 6 
10 4 1 4 
P.y. killicki Congo 1 4 1 1 2 
P.y. nigeriensis Nigeria 2 4 1 2 1 
Cameroon Lines EJ 1 4 1 4 1 
•EL 1 4 1 4 1 
* See Beale, Carter & Walliker (1978). 
P. chabaudi (Line EF) 
Blood stages 
This parasite gave rise to a synchronous infection, predominantly in mature 
erythrocytes, with a periodicity of 24 h. Typically, parasitaemias rose to 95 % by 
day 6 or 7 and were frequently lethal. The morphology of the blood forms was 
similar to that of P.c. chabaudi isolated from the C.A.R. (Carter & Walliker, 1975). 
Gametocyte development in mice was poor, but in 3-week-old splenectomized white 
rats, large numbers of gametocytes were detected by day 4. 
Sporogonic stages 
In comparison to P. yoelii infections, line EF yielded few oocysts - usually less 
than 10/midgut. The average diameter of 40 day 14 oocysts was 56±45 'am. 
Sporozoites were first seen in the salivary glands on day 10 or 11. On day 14 the 
average length of 65 sporozoites was 105 ± 1-3 ,um. Development time of sporozoites 
in the liver of a mouse was estimated to be 5 1-53 h. 
Enzyme analysis 
The single isolate of P. chabaudi (line EF) possessed enzyme forms GPI-4, PGD-2, 
LDH-5 and GDH-5. These forms are also found in P.c. chabaudi of the C.A.R. 
(Carter & Walliker (1975) and Table 3). 
P. vinckei (EE, EU, EH, EK and EP) 
Blood stages 
These lines were morphologically similar to one another and indistinguishable 
from P.v. brucechwatti (Nigeria) and P.v. petteri (C.A.R.) (Carter & Walliker, 1976). 
Each line gave rise to an asynchronous infection in mature mouse erythrocytes 
with parasitaemias rising to 90% by day 5 or 6 at which time it was invariably 
lethal. Gametocytes were usually seen between days 4 and 6. 
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Table 3. Enzyme forms of Plasmodium chabaudi 
Number 
of 
GPI 	PGD L1)H GDH lines* 
P.c. chabaudi C.A.R. 	4 2 2 5 1 
4 	2 :3 5 4 
4 2 4 5 2 
4 	2 5 5 4 
4 3 2 5 4 
4 	3 3 5 3 
4 3 4 5 5 
4 	3 5 5 1 
4 7 2 5 1 
P.c. adami Congo 	8 	2 8 5 1 
8 2 10 5 1 
Cameroon Line EF 	4 	2 5 5 1 
* See Beale et at. (1978). 
Table 4. Enzyme forms of Plasmodium vinckei 
Number 
of 
GPI 	PGD L1)H GDH Ii nes * 
P.v. vjnc/cej Zaire 	 7 6 6 6 2 
P.v. petteri C.A.R. 9 	5 7 6 3 
5 5 7 6 2 
P.v. lentum Congo 	6 	5 7 6 3 
11 5 9 6 1 
P.v. brucechwatti Nigeria 	6 	6 9 6 2 
Cameroon Lines EK 5 5 7 6 1 
EP 	6 	5 11 6 1 
EE 12 5 9 6 1 
El-I 	13 	5 7 6 1 
EG 6 6 11 6 1 
* See Beale et at. (1978). 
Sporogonie stages (examined in line EE) 
Because difficulties were experienced in transmitting P. vinc/cei through 
mosquitoes, only limited data are available on the sporogonic stages, and these are 
based on observations of a single successful transmission carried out at 25 T. 
Numerous other attempts to transmit P. vinckei at this and at other temperatures 
between 18 and 28 °C and from a variety of rodent species, were unsuccessful. 
Oocysts were clearly visible by day 7; there were between 10 and 20 on each 
midgut examined. On day 13 the average length of 76 sporozoites was 
122±23,am. 
Enzyme analysis 
• As can be seen in Table 4, there was considerable variation among the Cameroon 
P. vincicei , each line being characterized by a different enzyme complement. Among 
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Fig. I The positions of enzyme variants of the Cameroon Plasmodiuni vinc/cei GPI - 1 I 
and -13 and LJ)H- II relative to standards. Parasite bands are shown in black and those 
of the rodent host in white. 
the five lines there occurred four variants of GP1, types 5, 6, 12 and 13, two variants 
of POD, types 5 and 6 and three variants of LDH, types 7, 9 and 11. GDH 6 was 
common to all lines. Some of these forms are found in P. vinckei sub-species from 
other regions but three were found to be unique to Cameroon - GPI-12 and -13 
and LDH-1 1. The positions of these unique variants on starch gel relative to 
standards are shown in Fig. 1. 
DISCUSSION 
The results of this workshow that among 8 lines derived from 6 isolates of rodent 
malaria parasites from Cameroon there are 3 species present, 2 examples of P. yoelii, 
1 of P. chabaudi and 5 of P. vinc/cei. Each species is discussed separately. 
(1) P. yoelii 
Morphological examination of the blood and mosquito forms of P. yoelii(linc 
EL) showed it to be indistinguishable from P. yoelii isolated from each of the other 
regions, P.y. yoeiii (C.A.R.), P.y. nigeriensi8 (Nigeria) and P.y. killicici (Congo). 
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The lack of enzyme variation among the 22 isolates of the C.A.R. and, indeed, 
among the smaller numbers of isolates from all regions of Africa, makes it difficult 
to speculate about population structure of P. yoelii from consideration of enzyme 
frequencies alone. However, there is evidence that the isolates of the C.A.R. and 
Nigeria form an inter-breeding population. Knowles, Sanderson & Walliker (1981) 
performed genetic crosses between parasites of these regions and demonstrated 
that under laboratory conditions these parasites can hybridize and produce 
progeny recombinant for parental characters. 
Both examples of P. yoelii from Cameroon have an enzyme composition of G.PI- 1, 
PGD-4, LDH-1 and GDH-4 which is identical to 17 of the 22 isolates of P.y. yoelii 
(Table 2 and Carter (1978)). It is possible to conclude that parasites isolated from 
the CAR., Nigeria and Cameroon, despite their geographical remoteness, have 
retained the capacity to interbreed in nature and therefore form a single population. 
However, this can be confirmed only by performing genetic crosses in the 
laboratory. 
As yet no such genetic evidence is available about the relationship between 
P. yoelii of the Cameroon and P.y. killicki, although these isolates differ only in a 
single enzyme, GDI-I. From these data there seems to be little variation in 
morphology or enzymes between the Cameroon isolates and those of the C.A.R. to 
justify a further division of the rodent malarias by creating a new sub-species, and 
I propose that the Cameroon parasites should be included within the sub-species 
P.Y. yoelii. 
(2) P. chabaudi 
The morphology of the Camcroon isolate of P. chabaudi (line EF) is almost 
identical to that of P.c. chabaudi (C.A.R.) and P.c. adami (Congo). No differences 
were detectable in the blood forms of the parasites of each region. The measurements 
of the sporogonic stages are similar to published values for P.c. adami and, 
although sporozoites and oocysts are smaller than those of I'.c. chabaudi 
(Table 5), these differences can be accounted for by the considerable overlap in the 
range of measurements. 
With regard to enzyme characteristics, Carter & Walliker (1975) examined 15 
lines of P.c. chabaudi derived from C.A.R. isolates and found variation in 2 
enzymes. There were 2 forms of POD and 4 forms of L1)H; of the 8 possible 
combinations of POD and LDH variants, all but 1 was observed; these results are 
consistent with random sampling of an inter-breeding population. A more complete 
list of these isolates of the C.A.R. is presented in Table 3. 
The Cameroon isolate with its enzyme complement of GPI-4, PGD-2, LDH-5 
and GDH-5 is identical to one of these Central African lines. This indicates that 
an inter-breeding population could extend across the C.A.R. and Cameroon, 
although this could only be confirmed by examination of further samples from 
Cameroon and from intermediate areas. 
The relationship between the single P. chabaudi isolate from Cameroon and 2 
isolates from Congo remains unclear because of the small numbers of samples 
available. These isolates have the enzyme variants PGD-2 and GDH-5 in common, 
while the forms of the other two enzymes, GPI and LDH, differ (Table 3). 
The Cameroon parasites, therefore, are classified here as belonging to the 
sub-species I'.c. chabaudi. 
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Table 5. A comparison of oocyst diameters and sporozoite lengths between 





P.c. cliabandi 75 
P.c. adaniz 51C 11 .(5C 
P. chahandi 	(Cameroon) 564 
P.y. yoeiii 75"  147" 
P.Y. killicki 60a I40d 
P.y. nigeriensis 60(1 167 1 
P. yoeiii 	(Cameroon) 63 152h 
P.v. vinckei 40e 
P.v. lentum 471 
P.v. brucechwatti 54C 14.7e 
P.v. petteri 509 16.29 
P. vinckei 	(Carneroon) NT. 122' 
a Killick-Kendrick (1974). 
e Landau & Killick-Kendrick (1966). 
Carter & Walliker (1977). 
K illick- Kendrick (1973). 
Killick-Kendrick (1975). 
1 Landau, Michel, Adam & Boulard (1970). 
Carter & Walliker (1975). 
Results presented in this paper. 
(3) P. vinckei 
The situation with regard to P. vinckei is more complex. 
Difficulties found in obtaining mosquito transmissions of P. vinckei of the 
Cameroon have meant that data for sporozoite lengths are based on a single 
mosquito transmission of line EE and that no measurements were made of oocyst 
diameters. The mean sporozoite length of 122 tm is somewhat shorter than the 
recorded values for P.v. vinckei (Zaire), P.v. petteri (C.A.R.) and P.v. brucechwatti 
(Nigeria). The significance of these differences is doubtful because of the large 
standard errors involved. However, sporozoites of the Cameroon isolates are 
undoubtedly shorter than those of P.v. lentum of Congo (21 /Lm) (Table 5). 
There is considerable enzyme variation among the lines of P. vinckei derived from 
the Cameroon isolates. Each of the 5 lines differ in their enyme composition. One 
enzyme, GDII, is invariant among the P. vinckei, while the other enzymes show 
variation: there are 4 forms of GPI, 2 of PGD and 3 forms of LDH. Among these 
enzymes there are 3 variants unique to Cameroon, GPI-12 and -13 and LDH-11. 
The mobilities of GPI-12 and LDH-11 on starch gel electrophoresis make them 
clearly distinct from other variants (Table 5). GPI-13 is less easy to distinguish 
from the other variants; it migrates to a position between GPI-5 and GPI-6 but 
cannot be clearly recognized as either and so is designated as a separate variant. 
The Cameroon P. vinc/cei have similarities in enzyme composition with P. vinckei 
of other regions. Line EK has enzyme forms GP1-5, PGD-5, LDH-7 and GDH-6 
which are identical to 2 of the 5 examples of P.v. petteri. The enzyme variants 
PGD-5, LDH-7 and GDH-6 are also seen in 3 examples of I'.v. lentum. Of the other 
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4 lines of P. vinckei isolated in Cameroon each possesses an enzyme variant unique 
to that region. Line EE has GPI-12, line Eli has GD1-13 and lines EG and EP 
have LDI-I-!1 and they are therefore distinguishable from isolates of other regions. 
However, among the other enzymes there are clear similarities between P. vinckei 
of Cameroon and those of other regions (Table 4). Lines EH and EK have 
the enzyme variants PGD-5, LDH-7 and GDH-6 in common with all 5 lines of 
P.v. petteri and with 3 of the 4 lines of P.v. ientu'm. 
By the criteria already applied, the discovery of enzyme variants unique to 
Cameroon would argue for the creation of a separate sub-species. However, the 
great variation among the Cameroon lines and the close resemblance of the 
individual lines to isolates from surrounding regions would make it difficult to 
classify all the Cameroon P. vinckei lines as belonging to the same sub-species. It 
is difficult to see how this inconsistency can be accommodated within the existing 
classification of the rodent malarias. For the present therefore, the organisms can 
only be assigned to the species P. vinckei and not to any sub-species. 
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